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Preface 


The  AFCRL  Scientific  Balloon  Symposia  have  over  the  years  become 
established  as  the  principal  forum  for  the  exchange  of  ideas  and  technical  informa- 
tion within  the  wide  community  of  balloon  systems  users  and  developers.  With 
the  Eighth  Symposium,  the  main  body  of  the  Proceedings  was,  for  the  first  time, 
published  as  preprints  instead  of  after-the-fact  documentation.  The  reader's 
attention  is  directed,  therefore,  to  AFCRL  TR  74-0393,  dated  21  August  1974, 
which  contains  the  bulk  of  the  papers  presented  at  the  Eighth  Symposium.  This 
supplemental  volume,  dated  2 llecember  1974,  contains  the  papers  received  too 
late  for  inclusion  in  the  preprints.  The  circumstance  of  late  receipt  in  no  way 
affects  the  technical  excellence  of  the  papers  contained  herein  and  the  publication 
of  thi3  supplement  fulfills  a clearly  established  dissemination  need. 

The  cooperation  and  assistance  provided  by  the  individual  authois  whose  papers 
appear  in  this  supplement  are  acknowledged  with  grateful  appreciation. 
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Abstract 


A demonstration  program  Is  now  underway  In  which  the  feasibility  of  a High 
Altitude  Super-pressured  Powered  Aerostat  (HASPA)  will  be  determined. 

Basically  the  HASPA  is  an  unmanned  platform  that  would  operate  continuously  at 
high-altitude  for  long  periods  of  time  and  maintain  an  assigned  station  through 
powered  maneuverability  taking  advantage  of  the  low  wind  fields  between  the 
stratospheric  and  tropospheric  winds.  HASPA  would  serve  as  an  extended  dura- 
tion airborne  platform  from  which  sensors  or  communication  relay  links  can  be 
operated.  The  present  32  month  time  frame  of  this  program  will  include  four 
demonstration  flights  (one  unpowered  and  three  powered)  with  expected  flight 
durations  of  from  a few  days  to  over  one  month.  This  presentation  will  emphasize 
present  flight  objectives,  vehicle  design  status,  and  potential  problem  areas  jvith 
the  proposed  resolutions. 


•Thia  program  U sponsored  by  the  Naval  Electronic  Systems  Command. 
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I.  IVTKOIM  <T10\ 

The  KASPA  demonstration  program  is  an  experiment  to  determine 
the  feasibility  of  using  a High-Altitude  Superpressured  Powered 
Aerostat  as  an  extended  duration  station-keeping  platform. 

Such  vehicles  face  critical  design  requirements  that  are 
appreciably  different  than  those  encountered  by  the  conventional 
low  altitude  airships.  They  also  can  provide  capabilities  not 
readily  achieved  by  other  systems.  Operating  at  an  altitude  near 
70,000  feet  tue  mission  capability  of  the  system  can  be  likened  to 
that  of  a low  altitude  stationary  satellite  and  many  aspects  of 
space  technology  are  applicable. 

The  contractors  for  the  development  of  HASPA  are  the  Denver 
Division  of  the  Martin  Marietta  Company  and  the  G.  T.  Schjeldahl 
Company  whose  joint  effort  has  played  a major  part  in  arriving  at  the 
present  system  baseline  design. 

The  operating  altitude  of  70,000  feet  is  not  purely  a matter  of 
choice.  Cne  of  the  most  dominant  features  of  the  atmosphere  is  the 
existence  of  a minimum  wind  velocity  near  that  altitude.  It  is  pure- 
ly fortuitous  that  the  magnitude  of  the  winds  remains  low  enough  at 
moat  times  such  that  they  can  be  overcoma  by  realistic  system  designs. 
It  is  also  fortunate  that  this  altitude  is  well  above  that  used  for 
most  aircraft  operations.  Information  pertaining  to  the  spatial  and 
temporal  extent  of  the  minimum  wind  region  and  to  thu  character- 
istics of  the  wind  within  that  region  is  important  to  the  success  of 
the  entire  concept. 

At  70,00U  feet  nltitude  the  lift  capability  of  either  helium  or 
hydrogen  gas  is  approximately  four  pounds  per  thousand  cubic  feet. 

Thus  any  system  designed  for  operation  at  such  altitudes  must  accept 
weight  constraints  comparable  to  those  faced  in  space.  This  requires 
hull  materials  with  extremely  high  strength  to  weight  ratios,  power 
systems  with  very  high  energy  densities,  and  command  and  control 
systems  utilizing  advanced  concepts.  It  is  evident  that  such  vehicles 
must  be  unmanned,  being  unable  to  carry  the  weight  of  life  support 
systems,  which  further  implies  the  need  for  RPV  (remotely  piloted 
vehicle)  technology. 

The  launch  and  recovery  of  vehicles  of  this  nature  will  draw 
upon  techniques  common  to  high-altitude  ballons.  Once  at  altitude 
the  vehicle  will  assume  an  aerodynamic  shape  as  a result  of  excess 
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A thrust  ring  which  supports  the  propulsion  truss  is  laced  to 
the  aft  of  the  hull.  A two-motor  system,  which  has  increased 
reliability  and  efficiency  over  a single  notor,  will  supply  the 
necessary  range  of  sha»-  : -rsepower  to  propel  the  HASPA  in  the 
required  15  to  25  knot  regime. 

The  propeller  will  be  a two  (2)  bladed  configuration  with  a 
diameter  about  30  feet  and  an  estimated  thrust  conversion  efficiency 
of  75  percent.  Dynamic  control  in  pitch  ana  yaw  will  be  achieved  by 
gimballing  the  propeller.  The  autopilot,  actuators,  and  the  gimbal 
system  will  respond  to  the  inputs  of  the  navigation  computer  or  a 
remote  command  which  will  call  for  a desired  neading.  The  mix  of 
heading,  airspeed,  attitude,  and  altitude  sensors  is  selected  on  the 
basis  of  Loran  or  Omega  inputs  to  the  navigation  computer.  This  mix 
would  be  redu-rd  if  an  inertial  platform  is  incorporated  since  cer- 
tain inputs  to  the  computer  could  be  achieved  by  the  inertial  system 
in  lieu  of  the  individual  sensors. 

The  uncertainty  in  the  drag  coefficient,  which  ranges  from 
0.03  (theoretically  derived  on  the  basis  of  frontal  area)  to  0.06 
(based  cn  flight  test  data)  produces  a major  uncertainty  in  the 
prime  power  requirement  which  can  vary  over  a wide  range  as  shown 
in  Table  3. 

Three  different  power  sources  will  be  used  for  the  three 
scheduled  powered  flights  — AgO  - Zn  Primary  Batteries,  a (Hj  - O2) 
primary  fuel  cell  and  a secondary  battery/solar  array  system.  The 
selection  of  these  power  sources  was  based  on  cost,  availability  and 
flight  requirements. 

2.1  Aerostat  Envelope  Material 

The  envelope  material  characteristics  which  are  of  primary 
importance  in  order  that  a HASPA  will  operate  at  a 70,000-foot 
altitude  for  a 30  day  duration  are ■ 

(1)  Integrity  - this  property  includes  tensile  strength, 
elastic  modulus,  tear  strength,  puncture  resistance,  shear  stiffness 
and  permeability. 

(2)  Durability  - exemplified  by  abrasion  flexure  resistance 
an  . weatherabili*-y. 

(3)  Weight  - the  maximum  material  weight  is  dictated  by  the 
required  payload  weight,  flight  altitude,  and  maximum  balloon  volume. 


(4)  Thermal  surfaces  - the  absorptivity  and  emissivity 
properties  of  the  material  must  be  such  that  no  significant  temperature 
change  occurs  in  the  balloon  skin,  and  hence,  helium  temperature 
such  that  the  balloon  super-pressure  would  drop  below  that  required 
for  structural  integrity  or  exceed  the  allowable  stress  limits  of 
the  skin. 

The  candidate  materials  considered  were  Mylar  and  Emblem  films, 
Mylar-Dacron  and  Mylar-Kevlar  Biaxial  Weave  composite  laminates,  and 
Mylar-Kevlar  Triaxial  Weave  composite  laminates. 

2.1.1  MATERIAL  INTEGRITY 

In  the  preliminary  structural  analysis  the  maximum  stress  from 
static  and  dynamic  forces  expected  in  the  hull  is  60  lb/in.  This 
analysis  included  a determination  of  loads,  stresses,  deflected 
shapes,  and  other  characteristics  affecting  the  structural  integrity 
of  the  aerostat  system.  The  specific  items  investigated  included 
internal  pressure  requirements,  attachments  for  equipnent  bay  and 
propulsion  system,  and  hull  material  stresses.  The  selected  material 
must  withstand  a long  term  dead  load  of  1.5  x 60  lb/in  or  approxi- 
mately 90  lb/in,  where  the  total  "safety  factor"  1.5  has  been  proven 
valid  on  tethered  aerostats  such  as  the  G.  T.  Schjeldahl  Company 
250  CBV.  This  total  "safety  factor"  is  the  product  of  a number  of 
strength  degradation  factors  shown  in  Table  4.  The  ultimate 
strength  of  a number  of  candidate  materials  as  a function  of  their 
weight  per  square  yard  is  shown  in  Figure  2.  Unfortunately,  for 
long  duration  balloon  flights  the  ultimate  material  strength  is  not 
a valid  parameter  for  material  selection  because  all  plastic  films 
show  some  degree  of  creep  with  long  term  loading.  Therefore,  the  long 


Table  4.  Strength  Degradation  Factors 


o 

Non- homogeneous  material 

1.05 

o 

Seals 

1.1 

o 

Attachments  and  stress  concen- 
trations 

1.1 

o 

Fabrication  errors 

1.05 

o 

Handling  and  Aging 

1.1 

Total  Degradation  Factor 

1.5 
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terra  dead  load  strength,  which  is  defined  as  the  maximum  dead  load  at 
which  the  material  does  not  fail  over  the  required  duration,  must  be 
used  as  tf.9  valid  parameter  for  selection  of  the  aerostat  material. 
These  results  are  included  in  Figure  3 where  the  strengths  shown  for 
the  Mylar-Kevlar  laminate  are  derived  from  the  strength  to  weight 
ratio  of  GT-1345  which  is  56  percent  Kevlar  by  weight.  The  effect 
of  varying  the  percentage  of  Kevlar  in  the  cony>osite  is  shown  in 
Figure  4.  Since  at  least  one  mil  of  Mylar  should  be  used  to  provide 
an  adequate  helium  barrier,  only  composites  above  the  dotted  line 
are  possibilities. 

The  results  of  tear  testing  are  shown  m Table  5.  Although  the 
materials  used  in  these  tests  were  not  equivalent  with  respect  to 
tensile  strength  and  weights,  the  magnitude  of  the  difference  between 
unsupported  films  and  scrim  reinforced  films  is  obvious.  For  an  open 
weave  scrim,  the  puncture  resistance  of  the  unsupported  film  and  the 
composite  is  the  same.  However,  the  probability  of  tear  propagation 
from  a puncture  is  again  a function  of  the  tear  strengths  shown  in 
Table  5. 


Figure  4.  Kevlar* Mylar  Compojtte  Efficiency 
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Table  5.  Tear  Test  Results 


Material 

Tear  Strength  (typical) 

Mylar 

0.033  lbs 

Emblem 

0. 055  lbs 

Mylar  - Dacron 

Scrim 

75.0  lbs 

Mylar  - Kevlar 

Scrim 

110.0  lbs 

Shear  stiffness  of  the  material  is  important.  Material  with 
low  stiffness  would  permit  large  deflections  in  the  hull  under  load. 
This  deflection  could  show  up  as  “swayback*  in  the  hull  due  to  the 
weight  of  the  equipment  bay.  Even  worse  it  could  allow  the  hull 
to  band  when  steering  loads  are  applied  which  would  create  pro- 
blems with  the  control  system.  A number  of  shear  tests  have  been 
conducted  which  indicate  that  any  0.5  mil  or  greater  film  or  composite 
containing  such  a film  will  have  sufficient  shear  stiffness.  Tethered 
aerostats  fabricated  with  two  layers  of  0.25  mil  Mylar  laminated  to 
a loose  plain  weave  fabric  have  been  subjected  to  80  knot  winds  at 
near  sea  level  with  no  measurable  deflections,  which  is  over  100 
times  any  loading  anticipated  in  HASPA  at  70,000  feet.  Although 
tri-axial  weave  fabrics  have  in  addition  to  shear  stiffness  a much 
higher  shear  strength  than  a regular  orthogonal  weave  fabric,  the 
hull  is  not  exposed  to  shear  stresses  that  threaten  to  fail  the 
material  in  shear. 

If  at  least  1.0  mil  of  any  material  such  as  mylar  is  used  for 
the  gas  retention,  the  helium  permeability  is  much  less  than  0.5  liter 
per  square  meter  per  day.  Therefore,  helium  permeability  should 
present  no  problems  for  the  liASPA.  Also,  by  laminating  thin  multiple 
layers  of  any  gas  retention  material  together  to  obtain  the  required 
thickness,  the  loss  of  gas  because  or  "pirnoles*  is  greacly  reduced. 

2.1.2  MATERIAL  DURABILITY 

All  of  the  candidate  materials  appear  adequate  in  durability 
for  the  liASPA  demonstration  program.  This  is  based  on  tests  which 
determine  the  degradation  of  the  material  integrity  properties  when 
subjected  to  flexure  and  abrasion  tests. 
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Weatherability  over  any  specific  duration  can  be  definitely 
determined  only  by  actual  flight.  Extensive  data  from  superpressured 
Mylar  balloon  flights,  which  had  an  average  life  of  over  100  day3  and 
some  with  durations  of  over  two  years,  indicates  that  a 30-day  life 
requirement  is  certainly  feasible. 

2.1.3  MATERIAL  WEIGHT 

Since  a restriction  of  1,000,000  ft'*  was  placed  on  the  volume 
of  the  demonstration  HASPA,  a maximum  material  weight  is  established. 
Thus,  the  maximum  lift  at  70,000  ft  is  3800  lb  from  which  the  sub- 
systems weight  (1640  lb)  and  the  fin  weight  (x25  percent  of  the  hull 
weight)  must  be  subtracted  to  obtain  the  net  weight  available  for 
material.  Tnis  net  weight  is  then  divided  by  the  calculated  hull 
area  (7700  square  yards)  to  obtain  the  maximum  possible  material 
weight  which  is 1 approximately  3.5  oz/yd^. 

2.2  The -ml  Surfaces 

Superheat  is  defined  to  include  the  full  temperature  excursion 
of  the  aerostat.  The  superheat  functions  as  the  determinant  of  the 
superpressure  only,  within  the  limits  that  the  pressure  maintains  the 
aerostat  shape  and  does  not  exceed  the  burst  strength  of  the  hull 
material.  Accurate  prediction  of  the  super  temperature  is  a dominant 
factor  in  design  since  the  minimum  fabric  hull  strength  required  for 
the  superheat  could  exceed  that  for  all  other  imposed  static  or 
dynamic  forces. 

The  prediction  of  the  balloon  temperature  is  subject  to 
considerable  uncertainty  because  of  the  complex  interactions  of  direct 
solar  radiation,  reflected  solar  radiation  and  the  earth's  albedo. 

This  analysis  is  further  complicated  due  to  the  variation  between  the 
day  and  night  environi-ients.  Fiqtre  5 shows  a typical  heat  transfer 
model  demonstrating  the  complexity  of  the  analysis  as  each  of  the 
heat  flux  values  must  be  determined  for  each  application. 

As  the  HASPA  design  is  developed,  a computer  program  will 
provide  balloon  1 temperature  estimates.  Available  data  is  adequate 
to  provide  the  necessary  computer  inputs  to  predict  mean  values, 
extreme  limits,  and  the  probability  of  specific  deviations  from  the 
mean  values. 


Figure  5.  Heat  Transfer  Model  of  a Typical  Floating  Balloon  System 
XXX  * Hay  light  Values.  (XXX)  = Nighttime  Values 


2.3  \efo*l  alien 

Tha  shape  of  HAS  PA  will  be  that  of  a Navy  Class  C airship  with 
a fineness  ratio  of  5:1.  This  shape  has  been  previously  extensively 
used  and  has  been  mathematically  defined.  Thus  the  volume,  surface 
area,  center  of  gravity  (CG) , center  of  buoyancy  (CB) , and  inertia 
of  the  hull  and  enclosed  gas  can  be  accurately  calculated  with  an 
existing  computer  program.  The  patterns  used  in  the  manufacture  of 
the  aerostat  are  defined  using  another  existing  computer  program. 

The  aerosta  -ic  balance  of  the  aerostat  and  attached  components 
is  critical  to  its  free  flight  operation.  For  the  system  to  float  at 
a zero  degree  angle  of  attack  the  components  must  be  located  such  that 
the  system  center  of  gravity  is  at  the  same  longitudinal  location  as 
the  CB.  The  theoretical  CG  and  CB  of  the  hull  are  shown  in  Figure  6. 
With  a 1270  lb  equipment  bay  located  approximately  as  shown  in  the 
figure  the  system  CG  and  CB  are  aligned.  During  the  design  and 
fabrication  of  the  HASPA  an  accurate  account  of  weights  will  be  main- 
tained in  order  that  the  attached  component  locations  can  be 
accurately  determined  for  the  first  flight.  Previous  tethered 
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Figure  6.  Configuration  Parameters 


aerostat  experience  has  shown  that  this  technique  provides  sufficient 
accuracy  necessary  to  meet  the  flight  requirements. 

2.4  PinpalaiM 

The  present  baseline  propulsion  configuration  consists  of  a 
large  diameter  propeller,  gear  train,  electric  motors,  and  a power 
control  system.  Thrust  control,  necessary  to  maintain  the  vehicle 
position,  is  accomplished  by  modulating  the  motor  input.  An  inverter 
will  convert  the  dc  power  to  the  necessary  ac  voltage  and  frequency 
required  by  the  motor  system.  Two  inverter  designs  are  possible  ~ 
one  capable  of  providing  a continuously  variable  voltage  and 
frequency,  the  other  providing  a discrete  pair  of  voltages, and  fre- 
quencies for  both  top  speed  and  cruise  speed  operation.  At  this  time 
the  latter  design  is  selected  on  the  basis  of  lower  complexity  and 
cost. 

2.4.1  PR0PE1XEK  DESIGN 

Previous  investigations  have  indicated  that  a propeller  design 
with  an  efficiency  of  75  percent  is  feasible  in  the  required  flight 
environment.  The  achievement  of  this  high  propeller  efficiency  is 
essential  for  the  long  endurance  requirements  where  the  available 
propulsion  design  .aust  consider  the  aerodynamic  qualities  of  blade 
sections  at  low  Heynolds  number.  In  this  regime,  high  efficiencies 
are  achieved  with  large  diameter  propellers  according  to  the  momentum 
theory.  The  necessity  of  a practical  propeller  weight  places  a 
constraint  on  the  propeller  size.  When  operating  at  an  altitude  of 
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70,000  feet,  the  density  ratio  is  very  low,  ''-0.058.  A large  diameter 
propeller  is  necessary  to  achieve  the  required  thrust  for  this  very 
low  density  ratio.  Coupled  with  a very  low  density  ratio  is  a low 
coefficient  of  viscosity  which  together  leads  to  extremely  low  values 
of  Reynolds  number.  The  Reynolds  number  for  a propeller  blade  with  a 
one  foot  chord  is  approximately  1.4  x 10^.  At  this  low  Reynolds 
rumbci,  to  achieve  high  lift/drag  ratios,  airfoils  other  than  t*.  <se 
employed  with  normal  propeller  f.ections  are  required.  The  available 
low  Reynolds  number  data  on  airfoil  sections  indicates  that  lift/drag 
ratios  of  the  order  of  30  can  be  expected  at  the  present  time. 

Preliminary  investigations  indicate  that  a 30  foot  diameter, 
fixed  pitch  propeller  with  a blade  chord  of  approximately  15  inches 
operating  between  60  and  160  rpm  can  attain  the  required  propeller 
efficiency  under  flight  conditions.  The  estimated  shaft  power  neces- 
sary to  drive  the  propeller  is  shown  in  Figure  7 over  the  required 
range  of  altitudes  and  speeds  and  directly  results  from  the  thrust 
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Figure  7,  Estimated  Propeller  Power  Requirements 
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requirements  derived  from  the  vehicle  drag  estimates  shown  in  Figures  8,  9, 

10  and  11. 

Additional  design  requirements  for  the  propeller  are: 
lightweight 

impervious  to  cold  to  -70°F 
stable  shape 

accurate  contours  and  subtle  progression  of  airfoils 

ideal  twist,  non-linear 

resistant' to  random  damage 

good  fatigue  resistance 

ultra-violet  resistance 

The  above  requirements  can  be  satisfied  with  blades  made  of  a fiberglass 
shell  with  a rigid  P VC  foam  plastic  core.  (See  Figure  12.) 

These  materials  are  relatively  non-sensitive  to  ultraviolet  degradation.  The 
solid  foam  core  avoids  all  potential  problems  with  moisture  ingress  and/or  trapped 
air  pockets  with  the  great  changes  in  ambient  conditions. 

A lightweight  propeller  hub  using  slim  cross-section  off  the  shelf  bearings 
(Kayelon  Reali-Slim),  "G"  diameter,  could  provide  excellent  support  and  low 
friction  losses  for  the  propeller.  Bronze  separators  are  used  in  these  bearings 
and,  with  a light  silicone  lube,  drag  would  be  minimal  at  -70°F. 

Since  performance  data  and  test  results  on  propellers  to  operate  in  the 
flight  regime  are  not  available,  analytical  studies  are  now  being  conducted  to 
optimize  the  propeller  design  and  performance.  These  studies  include  minimiza- 
tion of  losses  due  to  Reynolds  number  effects  and  further  consideration  of  various 
hub  and  blade  structural  configurations  in  addition  to  the  normal  analytical  deter- 
mination of  the  propeller  aerodynamic  configuration.  Performance  and  opera- 
tional tests  at  the  design  temperature  and  density  conditions  will  be  conducted  in 
an  altitude  test  facility  such  as  the  60-foot  diameter  Vacusphere  at  Langley. 


Figure  8.  HASPA -Volume 
Determination 
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Figure  9.  HASPA -Configuration 
Geometry 
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Figure  12.  Typical  Blads  Structure 


2.4.2  EIXCTRIC  MOTORS 

The  baseline  motors  are  alternating  current,  three  phase, 
squirrel  cage  induction  units.  The  primary  characteristics  of  this 
type  motor  are  low  startin , torque,  low  starting  current,  and 
relatively  constant  speed  from  no  load  to  full  load.  The  primary 
consideration  in  the  selection  of  an  ac  motor  over  a dc  motor 
was  to  eliminate  the  use  of  brush/commutator  action  which  can  cause 
difficulties  in  the  high  altitude  environment. 

A highly  reliable  solid  state  inverter  will  convert  the  direct 
current  primary  supply  voltage  to  the  required  alternating  voltage 
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and  frequency.  The  selected  inverter  design  will  either  provide  a 
continuously  variable  range  of  voltage  and  frequency  or  provide  only 
pairs  of  voltage  and  frequency.  The  selection  will  be  made  at  the 
end  of  the  current  conceptual  design  phase  and  will  depend  on 
operational  considerations  and  cost. 

Since  the  density  at  70,000  feet  is  on^y  0.058  that  at  sea  level, 
a thorough  analysis  must  be  made  to  determine  if  the  motor  and  inverter 
will  not  exceed  allowable  operating  temperature  limits.  Preliminary 
analysis  indicates  that  the  motor  temperature  can  be  kept  within  safe 
operating  limits  by  simply  increasing  slightly  the  affective  radiating 
area,  but  that  the  inverters  which  are  located  in  the  equipment  bay 
would  probably  require  a more  complex  heat  rejection  system. 

2.4.J  SPE-D  REDUCTION  DRIVE  - MOTOR  TJ  PROPELLER 

Off  the  shelf  reduction  drive  candidates  for  a 5:1  speed 
reduction  are:  a chain  and  sprocket,  a timing  or  'gear-belt*  drive, 

and  a planetary  gear  system.  A V-belt  drive  is  not  as  suitable 
because  of  erratic  friction  characteristics  and  excessive  flex 
stresses  at  -70*F,  and  subsequent  power  losses.  The  chain  drive 
would  be  slightly  heavier  and  even  with  dry-lube,  lubrication  can  be 
a problem.  The  timing  belt  has  a low  power  to  weight  ratio,  low  pro- 
file, requires  only  torque  bearinr-  loading,  has  been  used  at  -75*F 
satisfactorily,  and,  with  the  thin  back  steel  or  fiber  glass  reinforce- 
ment, has  very  low  flexing  power  loss.  Planetary  systems  are  widely 
used  in  both  space  and  aircraft  applications  and  one  has  been  selected 
for  the  base  line  design. 

Additional  trade-off  studies  are  now  being  conducted  to 
determine  whether  the  drive  belt/pulley  or  chain/sprocket  drive 
would  he  preferable. 

2.4.4  BASELINE  PROPULSION  ASSEMBLY 

The  baseline  propulsion  assembly  (Figure  13}  is  described  as 
follows: 

A fifteen  (15)  foot  diameter  tubular  aluminum  ring  forms  the 
base  of  the  propulsion  system  truss.  An  intermadiate  (Figure  14) 
ring  frame  supports  the  two  variable  speed  ac  electric  motor/ 
reduction  gear  assemblies  and  tha  torque  shaft.  Tubular  truss 
members  support  the  propeller  shift  gimbal  assembly  from  the  inter- 
mediate  ring  frame. 
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Figure  13.  Propulsion  System 
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Hgure  14.  Speed  Reducer 


Torque  is  transmitted  to  the  propeller  .aft  through  a t at  of 
pinion  gears  to  a final  drive  gear.  A propeller  shaft  bearing  and 
thrust  loads  ue  provided  for  within  the  gimbal  assembly.  Screw-jack 
actuators  controlling  the  pitch  and  yaw  gimballing  of  the  propeller 
shaft  are  mounted  to  the  gimbal  support  truss. 


The  thii+.y  (30)  foot  diameter,  two  hlade  propeller  may  be 
gimbal led  +20*  in  pitch  or  yaw. 


u 
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2.5  Vutopilot  and  Flight  Controls 

Inputs  to  the  control  system  will  be  generated  by  the  HASPA 
Navigation  System.  This  system  will  be  based  on  any  of  three  basic 
types  (Loran-C,  Inertial,  or  Omega)  or  combinations  thereof  and  will 
be  used  to  sense  the  HASPA  drift  rate  and  direction.  Using  this 
information  and  preprogrammed  control  laws,  HASPA  will  be  pointed 
into  the  wind  and  thrust  will  be  applied  to  prevent  HASPA  from 
drifting  down  wind. 

The  control  leaps  are  visualized  as  being  very  slow  (narrow 

bandwidth)  because,  if  the  maximum  thrust  vector  deflection  is 

20  degrees  the  maximum  control  torque  to  inertia  ratio  about  the 

2 

pitch  and  yaw  axes  is  in  the  range  of  0.05  degrees  per  second  and 
the  axial  acceleration  at  full  thrust  is  of  the  magnitude  of  .01G. 

The  navigation  and  heading  data  will  be  supplied  as  sampled  data  at  a 
frequency  of  one  sample  per  second.  Since  the  natural  frequency  of 
the  vehicle  in  yaw  will  be  about  0.02  hz,  the  sampling  frequency  of 
one  sample  per  second  or  50  samples  per  cycle  should  be  very  adequate 
frem  the  standpoint  of  control  dynamics.  Simulations  of  the  effect 
of  sampling  frequency  are  being  conducted  during  the  present  Phase  0 
study. 

The  requirement  for  pitch  attitude  control  grows  out  of  the 
fact  that  the  thrust  vector  passes  above  the  center  of  gravity  and 
that  as  thrust  is  changed  to  assist  in  station  keeping  the  moment  of 
the  thrust  vector  about  the  CG  causes  a change  in  pitch  trim.  This 
is  compensated  for  in  the  control  laws  by  commanding  a change  of  the 
thrust  vector  in  the  pitch  direction.  The  result  will  be  that  the 
thrust  vector  will  slowly  align  itself  through  the  center  of  rotation 
of  the  system.  Therefore  further  changes  ir  heading  will  only  require 
small  changes  of  thrust  about  the  pitch  axis.  It  may  be  possible  that 
preflight  prediction  of  the  CG  location  and  building  a properly  canted 
thrust  vector  into  the  design  may  permit  elimination  of  the  propeller 
pitch  gimbai.  This  simplification  would  eliminate  one  source  of 
mechanical  failure  and  would  thus  tend  to  increase  system  reliability. 
On  the  other  hard,  eliminating  the  propeller  degree  of  freedom  about 
the  pitch  axis  may  require  larger  fins.  This  trade-off  is  the  subject 
of  another  simulation  program  during  Phase  0. 

Preliminary  design  studies  indicate  that  fins  sized  on  the  basis 
of  the  usual  airship  criteria  of  making  their  total  exposed  area  equal 
to  the  maximum  cross  sectional  area  of  the  aerostat  will  provide 
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adequate  damping  and  stability  in  roll.  In  our  present  configuration 
the  maximum  cross-sectional  area  is  3848  square  feet.  On  the  basis  of 
1/4  of  this  area  per  fin,  each  fin  will  be  approximately  962  square 
feet.  For  a roll  inertia  of  218,000  slug  feet  squared,  this  fin  size 
results  in  a damping  coefficient  of  0.1.  This  sampling,  together  with 
the  system  mass  distribution,  obviates  the  need  for  an  active  roll 
control  system. 

With  regard  to  the  altitude  hold  requirements,  it  is  not 
anticipated  that  any  active  control  will  be  required.  This  is 
possible  because  there  is  no  consumable  fuel  exhausted  overboard 
(including  the  product  water  from  the  fuel  ceils),  no  ballast,  and 
the  effects  of  diurnal  variations  in  temperature  result  in  changes 
of  equilibrium  of  only  about  200  feet. 

In  the  design  of  the  flight  control  system  it  will  be  necessary 
to  carefully  take  into  account  the  non-rigid  characteristics  of  the 
UASPA.  As  the  control  laws  call  for  deflection  of  the  propeller 
gimbal  there  will  be  a tendency  for  the  bag  to  deflect  about  the  yaw 
and  pitch  axes.  Thus  the  motion  of  the  car  (where  the  sensors  are 
located)  will  tend  to  lag  behind  the  gimbal  deflection.  In  addition, 
other  components  of  the  relative  motion  between  the  car  and  the  bag 
will  have  to  be  considered.  Adequate  computer  simulations  are  neces- 
sary to  be  sure  that  the  entire  dynamic  system  is  well  integrated. 
Although  the  state-of-the-art  in  the  airplane  and  missile  autopilot 
field  is  well  developed,  this  is  not  the  case  with  lighter-than-air 
vehicles  and  so  the  control  system  design  must  be  supported  by 
analysis  and  simulation. 

Computer  simulation  studies  will  include: 

1.  Steering  Dynamics 

A single  plane  simulation  of  the  yaw  control  system  will 
include  the  effects  of  data  sampling.  Existing  simulation  programs 
of  Martin  Marietta  are  available  for  this  purpose.  This  simulation 
need  not  include  the  gyro  instrument  dynamics  because  the  instruments 
have  such  high  frequency  response  relative  to  the  vehicle  dynamics 
that  the  gyros  will  have  no  effect  on  system  performance.  The  dynamics 
of  the  servo  used  to  drive  the  propeller  gimbal  will  be  included. 

2.  Roll  Control 

A simulation  of  the  roll  dynamics  is  important  since  it  will 
permit  evaluation  of  roll  damping  as  a function  of  fin  area.  This  is 
important  to  choosing  the  minimum  size  fin  area. 
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3.  Three  Axis  "All-Up*  Simulation 

This  simulation  will  include  all  three  axes  with 
appropriate  cross  coupling  and  is  designed  to  confirm  total  system 
design  before  flight  tests  of  the  small  scale  vehicle  are  undertaken. 
The  vehicle  model  will  include  structural  feedback  and  the  gyroscopic 
moment  generated  during  rotation  of  the  propeller  around  its  gimbals. 
Disturbance  inputs  will  include  both  winds  and  diurnal  temperature 
cycles  (the  latter  on  a compressed  time  scale). 


3.  TEST  PLANS 

At  this  time  only  a preliminary  development  test  program  has 
been  formulated.  Early  in  the  program  a complete  "Test  Plan"  will 
delineate  all  significant  tests  and  will  specifically  include,  on  an 
individual  test  basis,  objectives,  methods  and  requirements. 

Development  tests  primarily  include  engineering  confidence 
level  testing  and  debug  integration  testing.  Flight  test  data  are 
the  correlated  effects  of  many  parameters  which  individually  are  of 
importance  to  the  design  engineer.  For  example  the  propulsion 
mechanism  must  be  determined  in  a close  to  "in  situ"  environment  in 
order  that  the  inter-relationship  between  drag  and  propulsive 
efficiency  can  be  determined  in  subsequent  flight  tests. 

3.1  Molar  Tests 

The  motor  configuration  will  be  assembled  and  thoroughly  tested 
in  a controlled  environment  using  a dynamometer  in  lieu  of  the  actual 
propeller.  These  tests  would  include  cooling,  torque,  speed  control, 
and  overall  efficiency. 

3.2  Propeller  Tests 

Tne  propeller  will  be  tested  in  a controlled  environment 
simulating  its  operating  conditions.  All  up  Qualification  Tests  in 
the  normal  sense  of  the  word  will  not  be  conducted.  The  propeller 
will,  however,  be  subjected  to  dynamic  vibration  and  load  tests  at  a 
level  slightly  (^1.2)  higher  than  it  will  experience  in  the 
operational  sense. 
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3.3  Mwlrnais  tad  \rro<>lal  Slniclurr  T 

only  a minimum  of  material  development  testing  is  required 
because  existing  state-of-the-art  material  technology  will  be 
employed.  Some  testing  will  be  required  to  optimize  the  character- 
istics of  the  final  selected  materi ol.  A scale  model  constructed  of 
light-gauge  Mylar  will  be  fabricated  to  test  the  launch  technique. 
This  testing  will  be  done  indoors  so  that  the  model  can  be  recovered 
and  reused.  Ho  other  development  testing  on  the  aerostat  structure 
is  anticipated. 

3.1  Hot  Bernli  f ml . 

Two  series  of  Hot  Bench  Tests  will  take  place.  In  the  first, 
certain  components  will  be  tested  under  simulated  environmental 
conditions  such  as  pressure,  temperature,  and  dynamic  mechanical 
loads.  At  the  completion  of  this  series  all  components  will  be 
assembled  and  functionally  tested. 

3.3  ilalii'  laOulion  Tr*l  lladuorsl 

A static  inflation  test  will  be  performed  within  a government 
supplied  facility.  This  test  is  necessary  to  measure  a number  of 
critical  aerostat  properties.  Some  elements  of  this  test  are  shown 
in  Table  6. 

The  dimensional  and  geometry  checks  are  to  confirm  the  pattern 
designs  and  fabrication  accuracy.  The  hull  dimensions  will  be 
measured  and  used  to  calculate  the  actual  volume  of  the  hull  to  see 
if  it  deviates  from  the  desired  800,000  ft  . Also  the  location 
of  load  supports  and  attachments  will  be  verified.  The  hull  growth 
with  pressure  will  also  be  measured  to  correlate  with  the  growth 
predicted  by  the  structural  analysis. 


Table  6.  Static  Test  Elements 


o 

Dimension  and  geometry  checks 

o 

.beak  check 

o 

Structural  (proof  pressure) 

check 

o 

Hardware  interface  check 

o 

Possible  weight  and  balance 

check 
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Leak  checking  of  a balloon  of  this  size  is  not  a straight 
forward  process.  If  the  hull  is  inflated  to  a fixed  super-pressure 
and  tnen  monitored  over  a period  of  time,  the  changes  in  atmo- 
spheric pressure  will  cause  changes  in  pressure  much  greater  than 
those  due  to  the  maximum  allowable  leak  rate.  Therefore,  it  is 
almost  impossible  to  detect  a leakage  component  of  the  pressure 
changes.  In  past  attempts  to  use  this  method  on  large  balloons, 
temperature  gradients  were  found  both  vertically  and  horizontally 
along  the  balloon  making  empirical  corrections  almost  impossible. 

The  lift  loss  method  used  in  tethered  aerostats  is  not 
applicable  as  the  HASPA  cannot  be  filled  with  helium  because  the  hull 
cannot  handle  the  60,000  lbs  of  buoyancy.  Further,  the  cost  of  the 
800,000  ft3  of  helium  could  most  likely  exceed  the  cost  of  the 
balloon. 

The  most  likely  leak  check  is  the  use  of  a helium  or  halogen 
leak  detector.  To  use  the  helium  leak  detector,  s small  amount  of 
helium  is  mixed  with  the  air  in  the  inflated  hull.  In  a short 
period  of  time,  the  air  and  helium  will  stratify  with  the  helium 
going  to  the  top  of  the  balloon.  The  top  of  the  balloon  can  then  be 
scanned  with  the  leak  detector  by  an  operator  on  a "cherry  picker". 

To  check  the  whole  balloon,  it  will  be  necessary  to  rotate  the  hull 
a few  gores  at  a time  until  the  full  circumference  has  been  checked. 
The  halogen  leak  detector  is  used  the  same  way  except  at  the  bottom 
of  the  balloon  as  the  halogen  gas  (freon)  is  heavier  than  air. 

The  structural  check  will  consist  primarily  of  a proof  pressure 
test  to  a level  determined  during  the  structural  analysis.  The  hull 
will  be  held  at  this  pressure  long  enough  to  verify  that  there  is  no 
material  or  seal  creep.  In  addition  to  proof  pressure  testing,  the 
hardware  (primarily  the  equipment  bay  and  propulsion  system)  will 
be  attached  to  confirm  fit  and  to  verify  that  they  do  not  cause 
unanticipated  loading  problems. 

Since  the  center  of  buoyancy  can  only  be  located  if  the  hull 
is  full  of  a homogeneous  lifting  gas  and  to  fill  it  with  helium 
creates  more  lift  than  the  hull  can  handle  and  an  air-helium  mixture 
will  not  be  homogeneous , a weight  and  balance  check  during  the  static 
inflation  test  would  not  be  successful.  The  center  of  gravity  cannot 
be  checked  even  if  very  sensitive  scales  are  available;  air  currents 
in  the  hangar  will  create  large  enough  forces  on  the  aerostat  to  give 
erroneous  results. 
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Th*  most  satisfactory  method  of  weight  and  balance  checks  found 
to  date  consists  of  keeping  meticulous  records  of  all  component 
weights  and  locations  at  time  of  assembly.  The  locations  are  verified 
during  the  dimensional  checks.  From  this  information  the  C.G.  can 
be  calculated  to  an  estimated  accuracy  of  six  inches.  The  center  of 
buoyancy  will  be  recalculated  using  actual  hull  measurements  to  an 
estimated  accuracy  of  six  inches.  If  the  worst  combination  of  these 

i 

! errors  occurs,  it  only  changes  the  angle  of  attack  of  the  aerostat 

I by  1.5  degrees  wiiich  can  easily  be  overcome  by  the  pitch  control  of 

the  propulsion  system. 

At  the  time  of  design  finalization  there  may  be  other  secondary 
tests  that  become  apparent  and  which  will  be  incorporated  into  the 
static  test  plan  at  that  time. 

L FIELD  FI  NETION  XL 

The  first  time  all  elements  of  the  system  are  grouped  and  tested 
as  a system  will  be  in  the  field.  After  completion  of  the  Inflation 
test  an  all-up  functional  test  will  be  conducted.  This  test  will 
include  a combined  or  marriage  test  of  the  untire  system  to  the 
greatest  degree  possible  and  as  such  will  include  T/M,  Tracking  and 
control.  Table  7 indicates  the  sequence  of  subtests  that  will  be 
conducted. 

Table  7.  Test  Sequence 


o Wiring  Ring-Out  and  Continuity 
o electric  Power  Checks 
o Control  Link  Checks 
o beacon  Verification 
o T/M  Verification 
o Propulsion  Verification 
o Range/Mission  Coordination  Verification 
o RFT/LMI  Compatibility 
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5.  LAUNCH 


To  launch  the  HASPA  in  the  limp  state,  the  helium  gas  enters 
the  end  of  the  envelope  away  from  the  suspended  load  and  other 
concentrated  masses.  This  makes  the  envelope  free  to  deploy  as  the 
gas  expands  during  ascent. 

The  vertical  motion  of  a free-flight  balloon  ascending  under 
buoyant  forces  depends  on  the  following: 

Total  System  Weight  - When  in  motion,  this  will  include 
approximately  one  half  the  weight  of  the  air  displaced. 

Free  Lift  - The  difference  between  the  system  weight  and  the 
weight  of  the  air  displaced. 

Aerodynamic  Drag  - The  total  effect  of  dynamic  pressure  acting 
over  the  projected  area  of  the  system  plus  frictional  effects. 

Thermodynamic  "Drag*  - The  loss  in  lifting  force  due  to  the 
reduction  in  lifting  gas  temperature  relative  to  the  surrounding 
air  due  to  expansion.  The  gas  temperature  depends  on  free 
and  forced  convective  energy  transfer,  the  solar  and  infrared 
radiation  environment,  and  the  thermal  characteristics  of  the 
gas  and  balloon  fabric. 

For  a balloon  ascending  in  a limp-state,  damage  to  the  envelope 
fabric  due  to  turbulent  air  flow  sets  the  upper  velocity  limit.  This 
limit  depends  on  the  envelope  material  strength  approximately  as 
follows: 


Envelope  Break  Strength  (lbs/in)  2-20  50-100 

Maximum  Ascent  Velocity  (fps)  T5  T5 


Thermodynamic  drag  for  a helium-filled  balloon  is  small  in  the 
tropospnere  (below  40,000  feet)  because  the  helium  temperature  drop 
is  nearly  matched  by  the  natural  atmospheric  lapse  rate.  The 
relatively  constant  temperature  in  the  stratosphere  (40,000  to 
80,000  feet)  causes  thermal  drag  forces  on  the  ascending  balloon 
to  increase  at  a rate  exceeding  the  decline  in  dynamic  pressure. 
This  has  a damping  effect  on  vertical  motion. 
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The  deployment  sequence  (Figure  15)  would  begin  with  layout  of 
' ae  hull,  folded  along  its  meridians,  on  a ground  cloth  at  the 
launch  site.  The  equipment  bay  and  propulsion  nodule  would  be 
locked  together  and  mounted  on  the  rear  of  the'  hull. 

For  the  baseline  balloon  design  with  the  equipment  bay  and 
propulsion  module  with  a combined  weight  of  1565  pounds  mounted 
at  the  rear  of  the  hull,  a minimum  material  break  strength  of  22  pounds 
per  inch  is  required  for  an  axially  symmetric  balloon  envelope  at 
launch  which  is  about  one  third  of  the  strength  requirement 
estimated  from  pressure  loading  of  the  hull  when  fully  deployed. 

The  lifting  gas  would  be  installed  in  the  nose  while  the  hull 
is  restrained  by  a standard  "launch  arm"  clutch  in  the  same  manner 
as  a conventional  free  flight  balloon. 
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Figure  1 5.  Launch  Operation 
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The  bay  and  propulsion  module  would  be  suspended  from  the  boom 
of  a mobile  crane.  After  inflation  and  preflight  checks  are  complete, 
the  gas  bubble  would  be  released  from  the  launch  ana.  The  large 
projected  area  of  the  gas  bubble  prevents  high  accelerations  as  the 
balloon  rises  to  a position  over  the  suspended  load.  The  pay- 
load  would  be  positioned  directly  under  the  gas  bubble  by  driving 
the  crane  downwind.  At  this  point,  the  bay  and  module  would  be 
released  and  the  system  would  accelerate  to  its  terminal  velocity 
of  ascent.  The  operations  are  routine  in  winds  up  to  10  knots  for 
free  flight  balloons  carrying  loads  up  to  3000  pounds.  Total  dynamic 
loading  of  the  suspended  load  under  this  launch  method  is  usually 
less  than  2 g's. 

As  the  balloon  ascends,  the  lifting  gas  expands  to  fill  the 
hull.  Tension  in  the  hull  material  would  deploy  the  fins  and  fin 
guy  lines  to  operating  position.  When  the  hull  has  become  rigid, 
the  equipment  bay  would  be  released  from  the  propulsion  module  and 
winched  toward  the  hull  nose.  A line  extending  back  to  the  pod 
would  control  the  hull  rotation  as  the  center  of  mass  of  the  system 
is  moved  upward.  When  the  equipment  bay  comes  to  rest  at  the 
confluence  of  the  forward  suspension  lines,  the  system  would  be  ready 
for  operation. 


6.  FLIGHT  PH>$ 


6.1  I ■power'd  Flight 

Upon  completion  of  the  static  test  some  of  the  equipment 
will  be  removed  and  replaced  with  mass  and  CG  dummy  hardware  in 
preparation  for  the  unpowered  flight. 

The  purpose  of  the  unpowered  flight  will  be  to  verify  the 
handling  procedures,  the  launch  technique,  the  ascent  deployment 
sequence,  the  CG  location,  TM,  tracking,  command  link,  recovery 
system,  and  pllot/coatroller  operations. 

6.2  First  Powered  Flight 

The  objectives  of  the  first  powered  test  flight  will  be  to 
substantiate  the  design  of  the  propulsion  and  autopilot,  measure 
uncertain  aerodynamic  design  parameters,  e.g.,  the  drag  coefficient, 
and  evaluate  the  controller  techniques.  A primary  battery  power 
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Table  8.  Primary  Battery  Power  Source  Characteristics 


Weight: 

830  lbs 

Volume : 

^9  cubic  feet 

Voltage: 

30  volts 

Amp.  Hours: 

2580 

source  whose  characteristics  are  shown  in  Table  8 will  be  used 
which  will  allow  a flight  duration  of  at  least  30  hours.  At  the 
conclusion  of  this  test,  the  Hj-Qj  fuel  cell  power  source  for 
the  second  flight  will  be  interfaced  in  the  recovered  instrumentation 
bay. 

6.3  Secoad  Pooered  Flight  Test 

The  second  powered  test  flight  will  confirm  the  station  keeping 
ability  and  system  structural  integrity  over  a duration  of  %7  days. 
This  flight,  which  will  be  powered  by  an  H2~°2  £ual  cel1  power 
source,  will  determine  any  environmental  effects  on  the  hull  over  a 
number  of  day/night  cycles  and  demonstrate  the  feasibility  of 
extended  duration  flight.  Additional  refinement  in  controller 
techniques  will  also  be  possible. 

Tne  fuel  cell  power  system  will  utilize  a 3 KW  fuel  call  stack, 
other  related  hardware,  and  cryogenic  tanks  which  are  residual  from 
completed  NASA  programs.  The  General  Electric  Company  will  integrate 
the  fuel  cell  power  plant,  designed  from  these  components,  with  a 
suitable  heat  rejection  system  and  product  water  container  in  a 
suitable  recoverable  equipment  bay.  The  fuel  cell  power  plant  design 
parameters  are  shown  in  Table  9.  At  this  time  it  appears  that  the 
heat  rejection  system  will  incorporate  a heat  exchanger  with  a fan  to 
control  the  heat  transfer  rate.  This  method  avoids  the  uncontrollable 
convection  losses  in  a radiator  which  could  result  in  freezing. 

6. 1 Third  Pawered  Flifdu 

This  test  flight  will  use  a solar  call  array  power  source  to 
support  the  maximum  duration  mission  while  maintaining  the  HASPA 
within  the  specified  area  of  operation.  Test  objectives  will 
include  an  evaluation  of  aging  effects  on  the  Aerostat  material  and 
long  term  leakage. 
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Table  9.  Fuel  Cell  System  Design  Parameters 


Nominal  power  rating: 

1S00  watts 

Continuous  overload: 

loot 

Design  voltage: 

28  volts  nominal 

Voltage  range: 

+ 10%  of  nominal 

Output  control: 

Fuel  cell  consumption 

500  watts  to  3000  watts 

at  design  point: 

-v0.951b/kWh 

Maximum  continuous  load: 

3000  watts 

Minimum  continuous  load: 

500  watts 

Z tart-up  time: 

<15  minutes 

Weight: 

560  lb  maximum  including  fuel  cell 

module,  control  unit,  coolant  system, 
valves,  regulators,  plumbing,  reactant 
system,  heat  rejection  system, 
product  water  tank,  and  reactant 
supply 

Wind  and  environmental  variables  will  be  monitored  to  determine 
the  temporal  extent  of  the  minimum  wind  region  and  its  characteristics. 

Characteristics  of  the  solar  cell  array/secondary  battery 
power  source  are  only  preliminary  at  this  time. 

The  weight  of  this  power  source  is  made  up  of  two  major 
components i 

a.  The  solar  array  panels  which  are  appropriately  distributed 
on  the  aerostat  surface. 

b.  The  secondary  battery  pack  and  power  conditioning  which 
are  contained  in  the  recoverable  instrumentation  bay. 

The  weights  estimated  for  a continuous  2100  watt  power  source 
which  are  conservatively  based  on  estimates  of  solar  panel  efficiency 
and  battery  energy  density  would  be  as  follows: 

Solar  Panels  - ^170  pounds  - area  11500  square  feet 

batteries  and  Power  Conditioning  - ^560  pounds  - volume 

'W  cubic  feet. 
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Abstract 


A fuel  cell  powered,  high  altitude,  superpressure  airship  has  been  designed. 
Preliminary  to  designing  this  vehicle,  a parametric  analysis  of  various  system 
concepts  was  performed.  A discussion  of  the  techniques  used  in  the  concept  com- 
parison analysis,  of  the  results  of  the  analysis,  and  of  the  system  design  is 
presented. 


1.  INTHODt  1T10N 

POBAL-S  is  a high  altitude  airship  which  has  reached  a preliminary  design 
status.  It  was  designed  for  the  Air  Force  Cambridge  Research  Laboratories  under 
a study  contract  which  was  awarded  to  Haven  industries,  Inc.  and  included  a 
ret  tew  of  pcwer  systems  and  system  configurations,  a parametric  analysis  to 
optimize  the  system  design,  and  a preliminary  design  of  a chosen  concept.  The 
goal  was  to  arrive  at  a feasible  and  practical  airship  design  which  could  meet  the 
following  performance  requirements: 


tactlilt  HP  Milk 
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Duration  - 7 days  ur.der  continuous  operation 

Airspeed  - constant  at  8.2  m 's 

Altitude’  - constant  at  21,  000  m 

Payload  Mass  - 90  kg 

Payload  Power”  - continuous  500  W 

The  study  was  limited  to  aerodynamic  superpressure  balloons  employing  state 
of  the  art  manufacturing  technology.  It  was  not  limited  to  the  performance  goals, 
but  was  to  cover  a broader  range  of  characteristics.  Power  sources  which  were 
reviewed  were  limited  to  solar  cells,  fuel  cells,  batteries,  gas  turbines,  internal 
combustion  engines,  and  advantageous  wind  fields.  Other  power  sources  were 
ruled  cut  as  not  being  practical.  * The  solar  cell,  fuel  cell,  gas  turbine,  and 
internal  combustion  engine  concepts  are  depicted  in  Figure  1. 

For  the  solar  array  powered  concept  the  panels  of  cells,  which  are  integrated 
to  make  the  array,  are  placed  on  the  surface  of  the  balloon  envelope  and  are 
located  so  that  adequate  power  is  delivered  to  the  system  for  any  conceivable  sun 
angle. 

Major  attention  needs  to  be  paid  to  the  current;  voltage  characteristics  of  the 
cells  at  various  angles  to  the  sun.  These  characteristics  are  temperature 
dependent  and  under  the  configuration  used  here  each  panel  would  be  operating  at 
a different  temperature  because  of  radiation  effects.  The  panels  are  connected 
either  in  series  or  parallel  and  are  electrically  integrated.  Thus,  they  form  an 
electrical  energy  source  which  will  provide  the  -.equired  system  power  to  operate 

the  motor  during  the  daylight  hours  and,  at  the  same  time,  charge  the  batteries 

2 

which  are  used  for  nighttime  operation. 

The  fuel  cell  powered  concept  is  similar  to  the  solar  powered  concept  in  that 
it  provides  electrical  power  to  a gimbaled  motor/propeller  arrangement.  The 
water  generated  by  the  fuel  cell  would  be  stored  and  not  disposed  of.  Advantages 
of  storing  the  water  are  that  the  fuel  may  be  located  at  the  point  along  the  balloon 
axis  which  is  required  to  attain  horizontal  equilibrium  when  the  system  is  shut 
down  and  the  system  mass  remains  constant.  The  fuel  cell  concept  also  requires 
that  the  additional  heat  generated  by  the  fuel  cell  be  radiated.  It  may  be  possible 
to  make  use  of  this  waste  heat  in  controlling  negative  supertemperatures,  but  if 
one  were  to  shut  the  system  down  at  night  then  this  heat  would  not  be  present.  Thus, 
the  system  would  have  to  be  designed  as  if  this  capability  were  non-existent. 


•Originally  the  speed  requirement  was  10.3  m/s,  but  was  changed  during  the 
course  of  the  contract. 

•Originally  there  was  no  requirement  for  external  electrical  power  to  be 
furnished  to  the  payload,  but  this  was  changed  during  the  course  of  the  contract. 
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The  concept  of  using  only  primary 
batteries  for  power,  as  anticipated, 

SAC  TUMINC  OR  INTERNAL  COMRUSTION  does  not  appear  rea,lbie  except  for 

ENCINC  PAMEREO  AIRSHIP  very  short  duration  missions.  The  ad- 

Flgure  1.  Vihicle  Concepts  vantages  of  such  a concept  lie  in  the 

simplicity  of  the  design  since  all  that 
Is  required  is  the  batteries,  mounted 

somewhere  in  front  of  the  system  center  of  gravity,  with  oower  cables  running 
back  to  an  electric  motor.  This  system  then  would  be  operating  similar  to  the 
solar  powered  version  during  nighttime  operation. 


SAC  TUMINC  OR  INTERNAL  COHRUSTION 
EN6INC  POWERED  AIRSHIP 


Figure  1.  Vihicle  Concepts 


2.  PLRXRCTRIC  \>ULY3S 


The  perarnetrlc  study  was  performed  by  using  the  HASKV  (High  Altitude 
Station  Keeping  Vehicle)  computer  program,'*  This  program  uses  multiple 


interatlve  computer  calculations  which  increase  balloon  size  until  buoyancy  re- 
quirements, commensurate  with  hardware  and  prcpulsior  mass  requirements. 
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are  met.  The  detail  of  the  computer  program  is  such  as  to  account  for  weights  of 
almost  all  components  including  such  items  as  the  electrical  wiring,  autopilot, 
propeller  gimbaling  mechanism,  gore  sealing  tapes,  number  of  adhesive  layers  in 
the  gore  film  lamination,  etc.  The  program  capabilities  include  the  following: 

(1)  57  input  parameters  (constants  for  parametric  equations). 

(2)  Natural  shaped  and  class  C shaped  balloons. 

(3)  Six  different  power  sources. 

(a)  gas  turbine 

(b)  Wankel  engine 

(c)  diesel  engine 

(d)  fuel  cells 

(e)  solar  cells 

(f)  batteries 

(4)  Altitudes  from  16,  500  m to  30,  000  m in  1500  m increments. 

(5)  Altitude  control  for  1500  m or  3000  m excursions. 

(6)  Wind  speeds  from  2.6  m/s  to  15.4  m/s  in  2.6  m/s  increments. 

(7)  Mission  time  variations. 

(8)  Balloon  diameters  up  to  100  m. 

Figure  2 shows  a simplified  flow  chart  of  the  computer  program. 

A series  of  graphs  have  been  developed  which  summarize  the  computer  output 
2 3 

of  the  parametric  study.  ’ By  analyzing  these  graphs,  comparisons  can  be  made 
between  power  sources  to  determine  the  most  optimum  system  for  a given  set  of 
conditions.  In  addition  to  the  power  source  comparisons,  these  graphs  show  the 
parameters  a particular  system  is  most  sensitive  to  such  as  balloon  material 
weight,  coefficient  of  drag,  and  environmental  parameters. 

The  graphs  presented  in  Figure  3 compare  the  power  and  mass  of  basic 

systems.  The  mass  versus  duration  and  power  versus  duration  curves  appear 

3/2 

similar  because  mass  is  proportional  to  (propulsion  power)  ' . 

Since  system  power  and  mass  are  excessively  large  for  a solar  cell  system 
operating  at  10.3  m/s  true  airspeed,  it  was  decided  to  fly  5.  1 m/s  at  night  and 
15.4  m/s  during  the  day  to  give  a 10.3  m/s  average  for  24  hours.  Thus,  solar 
cells  are  shown  with  Vj^/ V = 5. 1/ 15.  4 = . 33.  By  flying  at  5. 1 m/s  airspeed 
at  night,  the  batteries  (mass)  required  to  operate  the  system,  while  the  solar  cells 
are  inoperable,  are  reduced  by  a factor  of  46,  thus  reducing  the  system  mass  con- 
siderably. The  system  mass  crossover  with  the  fuel  cell  system  is  between  5 and 
6 days  whereas  on  the  power  versus  duration  curve  the  crossover  is  at  18  days. 

This  results  because  the  power  value  furnished  by  the  solar  cell  must  be  sufficient 
for  15.4  m/s  operation  whereas  the  other  concepts  operate  continuously  at  10.3  m/s. 

On  these  base  data  curves  the  charge-discharge  cycles  for  the  batteries  have 
been  considered;  and  consequently,  the  solar  cell  power  and  mass  requirements 
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Figure  3.  Base  Data,  All  Systems  Comparison 
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increase  slightly  ao  the  number  of  charge -discharge  cycles  for  the  batteries  in- 
crease. On  the  power  versus  duration  curve,  three  solar  cell  curves  are  plotted  — 
one  each  for  10,  12,  and  14  hours  of  sunlight.  The  12  hour  sunlight  case  is  the 
one  used  in  the  remainder  of  the  graphs.  The  other  two  cases  are  shown  to  depict 
the  power  variation  with  more  or  less  sunlight.  With  2 hours  less  sunlight  the 
propulsion  power  required  increases  approximately  11  percent  whereas  with 
2 additional  hours  of  sunlight  the  propulsion  power  decrease-  approximately 
8 percent. 

The  power  required  and  the  system  mass  are  very  high,  as  shown,  for  the 
batteries  only  case.  The  best  available  batteries,  25tW-hr/kg,  are  presented. 
Beyond  a one  day  mission  the  battery  powered  system  site  becomes  excessively 
large.  Future  developments  in  batteries  should  significantly  improve  their  energy 
density  capabilities  and  if  an  energy  density  greater  than  800  W-hr/kg  can  be 
attained  then  the  battery  system  should  be  considered  further.  ^ 

The  base  data  curves,  as  well  as  all  remaining  curves,  sltow  a fuel  cell 
system  utilizing  a TMR  • . 5 (i.  e.  the  tank  mass  is  . 5 times  the  fuel  mass).  The 
relative  advantage  of  using  a lightweight  tank  can  be  shown  by  using  a TMR  - . 5 
as  compared  to  a system  using  a TMR  = .85.  For  a 7 day  mission,  the  power 
required  drops  by  approximately  . 5 kW  and  system  mass  by  approximately  20  per- 
cent. 

The  gas  turbine,  Wankel,  and  diesel  engines  are  all  tentatively  superior  power 
sources  In  terms  of  propulsion  power  required  and  system  mass.  However,  none 
of  these  power  sources  has  been  developed  for  this  application  and,  as  such,  are 
not  available.  The  variation  in  system  mass  and  power  varies  between  these 
three  engines  as  a result  of  specific  fuel  consumption  rates  ranging  from  . 24  to 
.73  Kg/kW-hr. 

All  three  of  the  combustion  power  sources  would  require  either  a ballonet  or 
pump  and  valving  scheme  to  maintain  altitude  as  fuel  is  consumed.  This  would 
require  additional  power  and  system  mass  which  has  not  been  included  in  these 
curves.  These  curves  consequently  would  be  shifted  higher  on  the  graph  to  com- 
pensate for  the  additional  power  and  mass.  Since  these  power  sources  are  not 
considered  reliable  or  tested  sources,  this  effort  was  not  pursued. 

Mind  vel  jcity  is  one  of  the  most  sensitive  parameters  for  any  of  the  given 
systems.  It  I .as  been  decided  that  the  most  favorable  winds  exist  at  the  21,  000  m 
altitude  level.  The  first  two  graphs  of  Figure  4 show  the  effect  of  velocity  on 
propulsion  power  and  system  mass.  The  velocity  scale  of  the  graphs  is  average 
velocity  so  that  a comparison  can  be  made  between  the  two  systems  although  the 
solar  cell  system  has  been  designed  to  fly  at  higher  velocities  during  daylight 
hours.  For  a constant  size  vehicle,  propulsion  power  increases  as  the  cube  of 
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FREE  LIFT 
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SOLAR  CELL  - A MONTH 


STRESS  ALLOWABLE 


ALTITUOC:  21  km 

FREE  LIFT:  MS 

VELOCITY:  10.)  W* 

PAYLOAD:  90  kf. 

CD : .09 

DURATION:  FUEL  CELL  - 7 OAT 
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( the  velocity,  however,  since  the  system  necessarily  grows  larger  to  accommodate 

: the  increased  propulsion  system  weight  the  power  increases  even  more  than  as  by 

| the  cube  of  the  velocity.  The  system  mass  for  the  solar  cell  nearly  doubles 

| between  5.  1 and  7.  7 m,s  and  triples  between  7.  7 and  10.3  m/s.  Beyond  an  average 

j velocity  of  10.3  m/s  the  system  mass  grows  even  faster. 

| The  last  two  graphs  of  Figure  4 show  the  effect  of  altitude  on  propulsion  power 

and  mass.  As  altitude  is  increased,  less  power  is  required  due  to  lower  density 
air.  This  along  with  a lower  super-pressure,  which  results  because  of  the  decreased 
absolute  pressure,  reduces  the  thickness  of  the  envelope.  Thus,  even  though  the 
volume  increases  the  system  mass  decreases.  By  going  from  18,  000  to  21,  00<  i 
j the  propulsion  power  for  a solar  cell  system  decreases  by  approximately  25  per- 

cent. 

Figure  5 shews  how  propulsion  power  varies  for  the  fuel  cell  or  solar  cell 
system  for  other  parameters.  A review  of  these  graphs  indicates  that  it  is  very 
important  to  determine  accurately  what  the  coefficient  of  drag  will  be,  what 
minimum  free  lift  can  1 a used,  what  the  true  stress  limit  on  the  balloon  material 
is,  and  what  balloon  material  (polyester  film  or  biaxially  oriented  nylon  6 film) 
can  be  used. 

Many  other  graphs  can  be  derived  by  using  data  generated  by  the  computer 
program,  but  a more  concise  presentation  of  system  mass  sensitivity  is  shown 
in  Table  1.  This  sensitivity  analysis  was  performed  by  using  the  HASKY  computer 
program  to  generate  data  for  a one  percent  variation  of  each  parameter  for  a fuel 

3 

cell  powered  system.  All  variations  were  taken  as  positive.  Except  for  the 
parameter  that  was  varied,  all  other  parameters  remained  unchanged.  The  table 
shows  results  of  some  of  the  most  sensitive  parameters  in  order  of  decreasing 
sensitivity. 


Table  1 


Parameter  Increased  by  1 Percent 

Abr  olute  Mass  Change 
AM/M 

Envelope  Material  Stress  Allowable 

4.01  percent 

Envelope  Material  Density 

3.70 

Free  Lift  Ratio 

2.  61 

Supertemperature  Ratio 

1.64 

Specific  Fuel  Consumption 

0.  64 

Coefficient  of  Drag 

0.  63 

Payload  Mass 

0.59 

Subsystem  Power 

0.  57 

Tank  Mass  Ratio  of  Fuel  Mass 

0.  29 

3.  SYSTEM  DESIGN 


It  was  decided  that  the  design  of  the  fuel  cell  powered  airship  would  be  pur- 
sued in  more  detail.  The  final  configuration  is  shown  in  Figure  6.  Table  2 lists 
the  masses  of  various  system  components,  and  Table  3 shows  the  power  distribu- 
tion allocations.  A brief  discussion  of  the  major  components  follows  .* 

3.1  Hail 

The  POBAL-S  hull  is  a class  C shape  with  a fineness  ratio  of  5:1.  The  in- 
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flated  length  is  113.0  m with  a volume  of  29,  270  m . The  basic  hull  material  is 

biaxially  oriented  nylon  6 film.  This  material  has  the  same  stressing  capability 
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as  polyester  while  having  a density  of  1.  15  g/cm  as  compared  to  1.38  g/cni  for 
polyester. 

Because  the  film  is  highly  stressed  and  the  thickness  can  be  tailored  for  a 
particular  design  it  can  be  shown  that,  for  a given  volume,  as  the  fineness  ratio 
Increases  the  balloon  weight  decreases.  The  limiting  factors  would  be  buckling 
of  the  airship,  available  film  thicknesses,  and  drag  increase.  It  should  be  noted 
that  aerodynamic  forces  are  very  low,  as  compared  to  such  forces  on  conventional 
airships;  and  the  pressurization  required  because  of  supertemperature  effects  is 
more  than  adequate  to  overcome  buckling  due  to  component  weight  or  aerodynamic 

forces.  Depending  upon  radiation  and  atmospheric  conditions  the  superpressure 
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will  vary  from  a minimum  of  240  N/m  to  a maximum  of  1100  N/m  (ambient 
2 

pressure  is  4400  N/m  ). 

To  help  minimize  system  size  the  hull  has  been  partitioned  to  vary  material 
thickness  depending  upon  local  stressing.  Material  thicknesses  of  102,  127,  152, 
and  203  urn  were  used.  As  a result  of  only  25  am  material  being  available,  this 
corresponds  to  laminations  of  4,  5,  6,  and  8 plies.  The  thinner  material  is  used 
at  the  ends  and  the  thicker  material  is  used  at  the  larger  diameter  sections  where 
the  stressing  is  greater  (see  Figure  S).  This  results  in  a 30  percent  reduction  in 
propulsion  power  and  a 40  percent  reduction  in  system  mass  as  compared  to  using 
only  a 6-ply  material  reinforced  at  the  center  with  2 more  plies. 

3.2  Fisa 

Fin  sizing  and  location  is  based  upon  reference  5 and  the  fin  construction  is 

2 

based  on  reference  4.  Total  surface  area  for  the  cross  configured  fins  is  285  m . 
The  mean  aerodynamic  center  is  45.  9 m aft  of  the  center  of  buoyancy.  The  fins 
are  constructed  of  biaxially  oriented  nylon  material  and  consist  of  a 25  ^m 
membrane  supported  by  two  air  inflated  cones.  The  supoort  cone  material  is 
51  am.  The  base  diameter  of  the  cone  is  1.3  m and  the  tip  diameter  is  .2  m. 
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Figure  6.  Pobal -S  Fuel  Cell  Powered 
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Each  fin  is  approximately  8.  5 m x 12,  2 m.  The  cones  are  separate  gas  cells  from 
the  balloon  envelope  and  are  pressurized  with  an  air  pump  to  68  percent  of  the 
ambient  pressure. 

3.3  Geadeia 

The  gondola  includes  the  fuel  cell  with  associated  hardware,  fuel  tanks,  pay- 
load,  telemetry  control  unit,  autopilot,  and  parachute.  Aluminum  honeycomb  is 
fitted  to  the  base  for  minimizing  shock  impact  upon  parachute  landing.  Pratt  & 

g 

Whitney  designed  the  fuel  cell  and  did  much  of  the  work  on  the  gondola.  The  net 
power  output  of  the  fuel  cells  is  2,  520  W (see  Table  3)  and  can  operate  continuously 
for  7 days.  The  wateroutput  of  the  fuel  cell  is  stored  so  as  not  to  change  the 
system  center  of  gravity  or  mass.  The  entire  gondola  is  supported  by  a network 
of  patches  to  allow  proper  deployment  and  suspension  of  the  gondola  during  laur  h 
and  ascent. 

3.4  Propaiaioa  Syatea 

The  airship  is  controlled  by  a gimbaled  propeller  mounted  at  the  rear  center 
line  of  the  envelope.  Stability  is  maintained  by  an  auto-pilot  which  controls  the 
gimbal  assembly.  The  gimbal  assembly  is  mechanically  moved  by  electric  motors 
and  ball  screws.  The  stern  structure  is  fabricated  from  6061 -T6  aluminum  tubing 
with  a wall  thickness  of  1. 24  mm  and  diameters  varying  from  13  min  to  38  mm. 

The  propulsion  motor  is  a Lear  Reno  bushless  DC  motor  having  an  electronic 
converter.  This  motor  operates  with  an  efficiency  of  75  percent  and  provides  an 
output  power  1.35  kW.  The  shaft  speed  is  10,  000  rpm. 

A three  stage  belt  type  speed  reducer  was  used  to  obtain  a reduction  ratio  of 
133:1.  The  efficiency  is  96  percent. 

The  propeller  is  fabricated  of  6 mm  thick  x 6 mm  Uexcell  honeycomb  with 
face  sheets  of  127  nm  aluminum.  This  structure  provides  a high  degree  of  stiff- 
ness considering  the  weight  of  the  assembly.  The  propeller  has  three  blades  with 
a disc  diameter  of  10.  4 m.  It  provides  a thrust  of  119  N at  75  rpm  with  an 
efficiency  of  78  percent. 

3.5  Lsuacii 

The  launching  of  this  vehicle  is  relatively  complex  and  not  within  the  scope 
of  this  paper.  Briefly,  it  should  be  mentioned  that  a tail  first  launch  employing 
a tow  balloon  and  crane  would  be  used.  This  technique  allows  for  the  large 
propeller  to  be  safely  deployed,  the  system  to  be  slowly  erected  to  a vertical 
position,  and  a controlled  ascent  rate. 
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At  the  conclusion  of  the  mission  only  the  gondola  containing  the  fuel  cell  will 
be  returned  by  parachute.  The  remainder  of  the  system  is  considered  as  ex- 
pendable. 
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Abstract 


A presentation  that  traces  the  development  of  the  Family  II  tethered  balloon 
system  by  the  Range  Measurements  Laboratory  and  summarizes  the  scientific 
and  operational  considerations  addressed  by  scientists,  engineers  and  technicians 
from  government  and  industry. 


I I.  INTH0W  CT10N 

! The  Family  II  balloon  is  the  product  of  an  extensive  research  and  develop- 

ment program  tnat  has  been  conducted  by  the  Range  Measurements  Laboratory, 
Patrick  AFB,  Florida  beginning  in  the  late  1960s  under  the  sponsorship  of  the 
Defense  Advanced  Research  Projects  Agency  (ARPA).  The  goal  of  this  program 
! was  the  development  of  a stable  balloon  platform  for  exploiting  balloon-borne 

sensor  applications. 

The  Family  II  200,  000  cubic  foot  balloon  system  is  an  aerodynamically 
j shaped  ballonet  balloon  with  a cruciform  stabilizer  designed  to  operate  at  altitudes 

i 

I 
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to  12,  000  feet  above  ground  level  and  carry  750  pounds  of  useful  payload. 
Aerodynamic  shape  and  structural  integrity  are  maintained  by  an  automatic 
pressurization  system  that  operates  electrically  powered  blowers  and  relief 
valves  that  control  hull  and  empennage  pressure.  An  on-board  5KW  power  genera- 
tion system  provides  electrical  energy  for  the  balloon  and  payload  requirements. 
The  payload  system  is  attached  under  the  hull  and  is  covered  by  a windscreen 
which  is  designed  to  reduce  aerodynamic  drag  and  to  protect  the  payload.  The 
balloon  is  flown  by  a single  tether  cable  composed  of  a high  strength  to  weight 
ratio  polyester  material  covered  with  a protective  neoprene  jacket.  The  winch 
used  to  handle  the  tether  cable  during  flight,  launch  and  recovery  operations  is 
mounted  on  a self  propelled  truck  and  allows  ascent/descent  at  a rate  of  200  feet 
per  minute. 

The  mooring  system  consists  of  a tower  with  a rotating  latching  mechanism 
for  attaching  to  the  nose  of  the  balloon  permitting  360  degree  rotation  of  the 
balloon  with  the  wind.  The  handling  lines  are  secured  to  a gondola  system  which 
is  ballasted  to  offset  the  high  positive  buoyant  lift  of  the  balloon  during  mooring. 

An  alternate  mooring  system  consisting  of  a tower  and  a monorail,  which  serves 
the  same  purpose  as  the  gondola,  has  been  developed  for  use  at  permanent  or 
semi-permanent  balloon  operating  sites. 

The  accomplishment  of  the  RML  in  tethered-lighter-than-air  (TELTA) 
development  has  resulted  in  a quantum  advancement  of  balloon  and  sensor 
technologies : 

. Developed  equations  of  motion  for  tethered  balloons. 

. Development  and  operation  of  stable  balloon  sensor  platforms. 

. Demonstrated  feasibility  of  electronic  and  optical  sensors  and  com- 
munications relays. 

. Demonstrated  feasibility  of  the  operational  deployment  of  tethered 
balloons . 

. Demonstrated  environmental  survivability  of  tethered  balloons. 

. Demonstrated  the  cost  effectiveness  of  tethered  balloons. 

Since  first  Family  n flight,  19  December  1971:  Over  200  successful 
data  flights  have  been  flown. 


2.  BACKGROUND 

Balloons  have  been  used  as  platforms  for  scientific  and  military  missions 
since  1783.  In  June  of  that  year,  the  Mongolfiere  brothers  first  flew  a 35  foot 
diameter  hot  air  balloon  near  Paris.  The  success  of  this  flight  led  to  a great 
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flurry  of  scientific  activity  and  balloons  have  since  amassed  a distinguished  xecord 
of  scientific  service.  Meteorology,  stratospheric  physics,  cosmic  ray  physics  and 
astronomy  have  been  the  principle  scientific  beneficiaries  of  free  ballooning  ac- 
tivity. 

The  history  of  tethered  balloons  is  less  illustrious  (and  more  military)  than 
that  of  free  balloons.  They  have  been  used  to  lift  aerial  observers  for  surveillance 
roles.  During  World  War  II,  the  British  developed  and  made  extensive  use  of 
aerodynamically  shaped  balloons  as  an  enemy  aircraft  deterent.  The  techniques 
applied  to  previous  balloon  design  and  development  have  been  largely  a cut  and  try 
effort  with  little  analytical  investigation  of  the  phenomena  associated  with  tethered 
balloon  flight,  but  as  the  need  for  improved  performance  increased,  more 
sophisticated  approaches  were  required. 

Early  balloon  work  by  the  RML  began  with  the  development  and  deployment  of 
a remotely  controlled  drone  blimp  equipped  with  acoustical  sensors  to  Southeast 
Asia.  A 5,  300  cubic  foot  balloon  called  Silent  Joe  was  propelled  by  two  battery 
powered  one  HP  DC  motors.  The  flight  path  was  remotely  controlled  from  the 
ground  by  controlling  the  speed  of  one  motor  and  in  finite  steps.  The  system  car- 
ried microphones  and  a radio  transceiver  and  was  designed  to  detect  truck  convoys 
and  troop  movements. 

Because  there  was  no  established  body  of  technology  on  which  to  draw,  it  was 
necessary  to  proceed  by  trial  and  error  and  from  first  principles.  Tethered 
operations  began  at  Cape  Canaveral,  Florida  using  a 5.  300  cubic  foot  "Ealdy" 
balloon.  An  extensive  program  was  initiated  using  elaborate  balloon-borne  instru- 
mentation and  film  and  video  cameras  to  obtain  the  beginnings  of  a data  base. 

Data  from  these  flights  provided  first  order  information  relating  to  balloon  motion 
and  the  effects  of  the  tether  on  stability. 

U3ing  a World  War  II  BJ  British  barrage  balloon  of  84,000  cubic  feet,  the 
RML  embarked  on  the  development  of  a balloon-borne  radar  system  that  would  be 
capable  of  detecting  vehicular  ground  targets  for  use  in  Southeast  Asia.  During 
this  early  work,  extensive  improvements  were  made  in  mooring  and  ground  handling 
techniques.  Not  only  must  a balloon  system  be  capable  of  lifting  a useful  payload 
to  altitude,  it  must  also  be  handled  on  the  ground  and  moored.  A system  was 
devised  in  which  the  nose  of  the  balloon  was  attached  to  a tower  with  a rotating 
latch  which  would  allow  the  balloon  to  weathervane  with  the  wind.  The  high 
buoyant  lift  of  the  helium  was  offset  by  attaching  the  balloon  handling  lines  to  a 
circular  monorail  through  a travelling  dolly. 

Improvements  were  made  in  the  hull  and  empennage  configuration  through  the 
addition  of  a pressurization  system.  Blowers,  pressure  sensors  and  relief  valves 
powered  by  an  on-board  generator  system  added  a new  dimension  to  the  flight 
characteristics  of  these  early  balloon  systems. 
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In  order  to  meet  the  requirement  of  attaining  altitudes  in  excess  of  10,  000 
feet  with  sensor  payloads  weighing  700  pounds  or  more,  a tandem  system  utilizing 
the  BJ+3  balloon  was  devised.  The  first  tandem  flight  in  the  United  States  with 
large  balloons  was  conducted  at  Cape  Canaveral  by  the  RML  on  10  August  1969. 

The  first  balloon  was  launched  with  a tether  approximately  3,  000  feet  in  length. 

Upon  reaching  this  altitude,  the  tether  was  transferred  to  a cable  running  through 
a tunnel  in  the  second  balloon  to  its  tether  confluence  point.  In  this  configuration, 
the  top  balloon  reached  an  altitude  of  over  13,  000  feet,  supported  the  payload  and 
7,  000  feet  of  tether,  while  the  second  balloon  supported  the  weight  of  10, 000  feet 
of  tether.  Several  tandem  flights  were  conducted  subsequently  and  the  system 
proved  to  be  valid. 

Even  with  vast  improvements  that  had  been  made  in  all  phases  of  tethered 
balloon  work,  it  was  obvious  that  the  inherent  limitations  of  the  empirically 
designed  BJ  balloons  were  not  satisfactory.  An  advanced  program  to  develop  a 
reliable,  stable,  all  weather  balloon  system  to  be  known  as  Family  n was  begun. 
Working  with  NASA  Langley  and  the  G.  T.  Schjeldahl  Corp. , tne  RML  directed  the 
birth  of  scientifically  based  tethered  balloon  technology  in  Lhtn  country.  Extensive 
use  of  wind  tunnel  data,  tow  testing  of  scale  models,  as  well  as  the  development 
and  use  of  computerized  equations  of  motion,  led  to  the  selection  of  the  hull  and 
empennage  configuration  for  the  200,  000  cubic  foot  Family  II  series  balloons. 
Additional  investigations  were  conducted  into  fabric  materials.  Numerous  fabric/ 
sealer/coating  combinations  were  tested  and  evaluated  to  meet  the  requirements 
for  a lighter,  stronger,  less  permeable,  aging  resistant  and  easy  to  seal  and  join 
balloon  material.  Design  improvements  were  made  to  all  balloon  hardware 
including  helium  valves.  Instrumentation  systems  and  ground  support  equipment. 

First  flight  of  the  Family  II  balloon  was  conducted  on  19  December  1971  at 
Cape  Canaveral.  This  flight  fulfilled  the  expectations  of  the  many  talented  people 
who  had  labored  long  and  hard  on  this  program.  Continuing  flights  were  conducted 
to  evaluate  the  system  and  its  operational  procedures.  As  part  of  this  in-depth 
analysis,  the  system  was  deployed  to  Wingfoot  Lake,  Ohio  in  early  1972  in  order  to 
subject  the  balloon  to  ice,  snow  and  cold  weather  conditions.  Operational  evaluation 
was  conducted  at  Cudjoe  Key,  Florida  with  the  flight  of  an  advanced  radar  sur- 
veillance system  for  the  Aerospace  Defense  Command. 

In  response  to  a requirement  by  the  United  States  Army  Security  Agency,  the 
RML  began  a follow-on  program  which  would  capitalize  on  the  success  to  date. 
Specialized  mooring  and  handling  equipments  were  developed  that  would  enable 
the  system  to  operate  as  a highly  mobile  tactical  surveillance  tool. 

A detailed  verification  of  the  design  criteria  used  in  the  development  of  the 
Family  II  tethered  balloon  began  in  1973.  Sophisticated  instrumentation  and  data 
gathering,  as  well  as  in-depth  test  design  characterised  this  segment  of  the  program. 
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38  flights  were  flown  in  which  over  2,  000  measurements  were  recorded.  From 
this  data  has  come  the  knowledge  and  information  that  will  be  recognized  as  the 
reference  material  and  basic  literature  for  tethered  balloon  operations. 


3.  PROGRAMS  AND  APPLICATIONS 

3.1  Acoustic  Ssrveillasce 

This  type  of  mission  is  probably  possible  only  with  balloons.  Prior  develop- 
ment programs  were  unable  to  achieve  a satisfactory  detection  sensitivity  because 
of  background  noise  from  the  vehicle.  Tethered  balloons  are  virtually  silent. 
Achievement  of  the  required  low  background  noise  necessitates  battery  or  fuel  cell 
power,  both  being  available.  Applications  for  directionally  sensitive  acoustic 
detectors  include  vehicle  and  troop  movement  detectors  and  enemy  artillery  mortar 
and  rocket  firing-site  detection,  among  others. 

3.2  Radar  Sarveillaaca 

The  RML  has  demonstrated  the  operational  feasibility  of  a balloon-borne 
surface  search  radar  system  in  the  acquisition  and  tracking  of  high  performance, 
low  altitude  aircraft  against  a high  clutter  background.  Extended  testing  has  been 
conducted  at  Cudjoe  Key,  Florida  for  the  Aerospace  Defense  Command  (ADC). 

The  success  of  these  operations  has  led  to  a commitment  by  the  United  States  Air 
Force  to  accept  the  balloon-borne  radar  system  as  part  of  the  Air  Defense  Net- 
work for  this  country.  Other  studies  by  the  Air  Force  have  examined  the 
feasibility  of  expanding  coverage  to  include  the  entire  southern  perimeter  of  the 
United  States. 

It  is  a particularly  noteworthy  point  that  a network  of  balloon-borne  radar 
systems  could  provide  reliable  surveillance  and  detection  capability  for  the 
Mexican  American  border  and  effectively  seal  off  the  entrance,  via  light  aircraft 
and  vehicular  traffic,  of  vast  quantities  of  narcotics  that  are  now  flowing  into  this 
country  through  this  area. 


3.3  Optical  Sarveillaace 

Tethered  balloons  make  excellent  elevated  platforms  for  optical  surveillance 
because  of  their  excellent  short-term  stability  and  intrinsic  station-keeping.  The 
stability  is  derived  from  the  long  time- constants  which  characterize  balloon 
motion;  and  it  is  the  primary  requisite  for  the  platform  for  high-resolution 
optical  sensors.  The  application  for  these  systems  vary  from  general  battlefield 
reconnaissance  and  defense  perimeter  control  to  point  and  area  security  against 
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infiltration  and  encroachment.  High-resolution  and  highly  sensitive  image- 
producing  systems  both  in  the  visible  and  other  spectral  regions  are  the  obvious 
sensors.  Optical  systems  may  azimuth  scan  and/or  be  directed  to  areas  of 
interest  by  ground  command.  Relatively  wide-angle,  fixed  optics,  directed  down- 
ward could  cover  any  desired  area  from  any  altitude  used. 

Based  on  the  results  of  field  tests  with  prototype  equipment,  the  RML  has 
designed  a high  resolution  optical  surveillance  system  under  the  FINE  LOOK 
program  which  used  a vidicon  camera  system  coupled  to  a Questar  telescope  in 
a precision  remotely-trainable  mount. 

3.4  Coamiaicaiioas 

One  of  the  most  attractive  tethered  balloon  applications,  the  communications 
relay,  is  both  very  flexible  and  very  cost  effective  compared  to  other  alternatives  'I 
(satellite,  tropo -scatter,  microwave  tower,  aircraft,  etc. ).  Whether  for  point-to- 
point  relaying,  or  area  "broadcasting,"  the  tethered  balloon  spans  very  long  dis- 
tances or  covers  very  large  surface  areas  as  desired.  Military  applications 
include  message  and  data  relaying  and  area-coverage  broadcasting  for  tactical 
management,  propaganda,  and  entertainment.  Moderate  altitudes  provide  large 
ILse-of -sight  paths  and  permit  relatively  complex  payloads.  It  is  noteworthy  that 
the  advantages  of  tethered  balloon  relays  are  being  exploited  on  a commercial 
basis.  This  work  is  based  on  the  success  obtained  during  feasibility  tests  with 
RAD  relay  systems  developed  by  the  RML  under  the  GRANDVIEW  and  TRIMLINE 
programs.  Studio  quality  TV  video  was  transmitted  125  miles  via  a balloon-borne 
relay  to  line  of  sight  distances.  VHF  communications  data  was  received  and 
relayed  to  a ground  communication  point. 

3.3  Navigation  aad  \aleaaa  blevatioa 

Position  location  of  airborne  and  ground  vehicles  at  extended  ranges  was 
demonstrated  by  the  RML  during  feasibility  tests  under  the  NITE  DIAL  Program. 

With  on-board  equipment,  which  received  and  retransmitted  LORAN  C signals 
through  a balloon-borne  relay,  U-2  aircraft  and  a truck  were  successfully  located 
and  tracked  to  line  of  sight  distances.  Military  and  governmental  applications 

I 

of  such  a capability  are  apparent.  i|  ! 

3.5.1  ANTENNA  ELEVATION 

Antennas  are  of  such  a wide  range  of  sizes  that  the  application  must  be 
described  somewhat  generally.  Two  examples  may  be  cited.  Simply  by  elevating 
a wire,  the  effective  range  of  small  packaged  transceivers  in  SEA  has  been  greatly 
Increased.  In  this  case,  a small  balloon  raised  the  radiator  above  the  shielding 
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canopy  of  tropical  vegetation.  At  the  other  end  of  the  scale,  a tethered  balloon 
has  been  used  to  elevate  an  antenna  weighing  several  tons  to  a moderate  altitude. 

3.6  Tnatfort 

The  RML  has  conducted  a series  of  tests  to  evaluate  the  feasibility  of 
adapting  the  heavy  lift  natural  shape  balloon,  which  is  used  commercially  by  the 
logging  industry  for  harvesting  timber,  to  offload  containers  hips  in  areas  without 
prepared  dock  facilities. 

The  U.S.  Navy  does  not  now  have  nor  does  it  intend  to  have  a military  logistics 
resupply  capability.  The  Navy  intends  to  rely  on  the  U.S.  commercial  maritime 
fleet  to  support  post -amphibious  resupply  operations.  The  U.S.  commercial 
fleet  will,  by  the  1980s  be  about  90  percent  containerized.  These  ship6  are 
designed  to  operate  from  one  prepared  port  facility  to  another.  However,  for  a 
military  resupply  mission,  the  ships  would  be  required  in  most  cases  to  anchor 
anywhere  from  l,  000  feet  to  several  miles  offshore.  The  cargo  containers  weighing 
up  to  20  tons  must  be  extracted  from  the  hold  of  the  ship  and  transported  to  shore. 

One  of  the  most  promising,  cost  effective  techniques  for  this  operation  appears 
to  be  a balloon  logistics  facility  in  which  the  balloon  is  attached  to  a container,  the 
container  is  lifted  out  of  the  hold  and  then  the  balloon  and  container  are  pulled  to 
shore  via  a cable/winch  system. 

The  RML  is  conducting  an  engineering  study  which  will  define  such  a system 
and  establish  its  operational  criteria  for  use  by  the  military. 

3.T  llwsflinic  Scieacet 

The  RML  has  conducted  an  extensive  Atmospheric  Sciences  Program  designed 
to  extend  the  Family  II  balloon  system  operating  duration  through  the  reduction  of 
weather  limitations,  particularly  those  resulting  from  lightning  hazards.  In 
consultation  with  the  leading  atmospheric  scientists  in  the  United  States,  a flight 
test  program  and  an  evaluation  of  materials  and  equipment  have  resulted  in  the 
implementation  of  safety  features  for  tethered  balloons.  The  features  are 
categorized  as:  (1)  Warning;  < 2)  Personnel  and  Equipment  Protection;  and 
(3)  Protective  Procedures. 

3.7.1  WARNING 

Lightning  warning  is  required  at  two  levels;  early  warning  and  immediate 
hazard  detection. 

For  early  warning,  long  range  weather  forecasts  and  weather  radar  augmented 
by  a recently  developed  lightning  aztmuth  detector,  permit  sufficient  warning  for 
retrieval  of  the  balloon  if  such  action  is  necessary. 
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Immediate  warning  ia  defined  aa  a short  term  warning  of  an  immediate  hazard. 
Thia  warning  is  obtained  through  the  measurement  of  the  magnitude  and  frequency 
of  changes  in  the  atmospheric  electrical  field  in  the  immed.  ite  vicinity  and  presented 
in  the  form  of  lamp  indications  to  the  balloon  operations  personnel. 

3.  7.  2 PERSONNEL  AND  EQUIPMENT  PROTECTION 

A well  bonded,  shielded  enclosure  at  the  winch  operator's  position  provides 
adequate  protection  against  a direct  stroke.  The  balloon  protection  is  provided  by 
controlling  the  point  that  lightning  will  strike.  This  is  accomplished  by  installation 
of  lightning  rods  on  the  balloon  along  with  shield  wires  similar  to  those  used  for 
protection  of  power  lines.  The  lightning  currents  so  intercepted  are  then  guided 
to  the  tether  in  a manner  which  will  prevent  arcing  • the  principal  form  of 
lightning  damage.  Sensitive  electronics  are  located  in  areas  where  direct  lightning 
contact  is  least  probable,  and  are  protected  against  indirect  effects  by  transient 
suppressors. 

3.7.3  PROTECTIVE  PROCEDURES 

The  warning  systems,  to  be  maximally  effective,  are  integrated  into  a well 
conceived  and  strictly  enforced  system  of  safety  procedures.  Specific  provisions 
of  these  procedures  define: 

(a)  Minimum  operating  crew 

(b)  Crew  positions 

(c)  Criteria  for  balloon  recovery 

(d)  Criteria  for  site  evacuation  and  safe  areas 

(e)  Sequence  of  activity 

Inputs  to  the  safety  plan  include  management /command  decisions  as  to  the 
tolerable  level  of  hazard  to  the  system  weighed  against  possible  personnel  hazards 
during  attempted  retrieval  under  adverse  circumstances. 

3.1  Fewer  mm!  Telfaer  Syeleaa 

During  the  development  and  test  of  the  Family  □ balloon  system,  two  related 
areas  of  investigation  played  a prominent  role;  power  systems  and  tether  cables. 

Each  pound  of  system  weight  supported  by  balloon  penalizes  its  payload  and 
altitude  capability.  Great  strides  were  made  in  the  design,  development  and  test 
of  a lightweight  auxiliary  power  system  which  would  extend  the  tethered  balloon 
mission  altitude  and  duration  through  the  reduction  of  specific  weight  and  fuel 
consumption.  Successful  experiments  were  conducted  in  which  gaseous  Aiel  was 
provided  to  the  on-board  power  system  from  the  ground  via  a nylon  tube.  Pro- 
totype tethers  were  constructed  and  tested  which  Incorporated  the  fuel  tube  inside 
the  balloon  tether  cable. 
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The  development  by  the  Dupont  Corporation  of  a new  lightweight,  high 
sf rength-to-weight  ratio  organic  fiber  known  as  Kevlar  29  was  investigated  by  the 
RML  for  its  suitability  as  a tether  material.  Preliminary  calculations  indicated  a 
40  percent  weight  reduction  in  tether  weight  over  the  conventional  polyester  Nolaro 
cable  used  (a  weight  savings  of  approximately  735  pounds  for  a 9,  000  foot  tether 
cable),  while  retaining  the  same  breakstrength  (26,000  pounds).  This  weight 
reduction  is  reflected  directly  as  an  increase  in  balloon  payload  capability. 

Sample  lengths  were  tested  for  flexibility,  elongation,  abrasion,  resistance,  per- 
formance on  a winch  sheave  and  splicing  characteristics. 

3.4  Heait  Lift  Stutioa  keeping 

Another  promising  application  for  the  Family  II  tethered  balloon  system  is  as 
the  lifting  device  for  a munitions  high  angle  impact  facility.  Successful  tests  were 
conducted  for  the  Armament  Development  and  Test  Center,  Eglin  AFB,  Florida 
using  a triad  cable  arrangement  and  three  winch  trucks  for  positioning  of  simulated 
ordnance.  Three  pull  down  angles  were  tested:  30°,  45°  and  70°. 

The  test  results  indicated  that  use  of  a tethered  balloon,  configured  for  low 
altitude  heavy  lift  operations,  as  the  lifting  device  for  munitions  testing,  is  both 
feasible  and  practic-!.  T!.r  »"''ou— 'ging  re*ults  of  th-se  tests  and  the  cost- 
effectiveness  of  the  balloon  system  had  led  Eglin  AFB  to  plan  for  an  installation. 

I.  mi  RE  PROGRAMS  WO  \PPI.UUI0>S 
1. 1 Fsail)  II  I pgrade 

The  Family  II  development  program  has  attained  its  objectives  of  payload  and 
altitude  capability  and  operability  in  high  winds.  The  vehicle  design  that  has 
evolved  ha3  been  successful  to  the  point  of  inspiring  commercial  application  using 
the  same  basic  envelope.  The  emergence  of  a system  of  great  versatility  and 
dramatic  cost  effectiveness  for  a wide  variety  of  missions  now  seems  assured. 

The  years  of  research,  development,  test  and  evaluation  have  pointed  the  way  for 
those  refinements  that  would  even  further  enhance  system  capability. 

4.  1.  I EMPENNAGE  IMPROVEMENT 

Because  of  structural  and  operational  limitations  of  the  previous  and  current 
destgn,  it  is  highly  desirable  to  undertake  a third  design  iteration  of  the  empennage. 
The  basic  tail  aerodynamic  design  is  very  good  and  has  little  room  for  improve- 
ment. The  areas  of  improvement  are  centered  on  structural  integrity,  reliability 
and  repairability.  Maximum  uae  of  improved  fabrics,  adhesives  and  sealing 
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techniques  will  be  made  while  recognizing  the  importance  of  operational  accept- 
ability; i.  e. , field  repairability  and  interchangeability. 

4. 1.  2 IMPROVEMENT  OF  ON-STATION-TIME  CAPABILITY 

Based  on  the  feasibility  shown  during  tests  in- which  the  on-board  power 
generator  was  supplied  with  fuel  from  the  ground  and  on  studies  of  the  practicability 
of  supplying  electrical  energy  directly  to  the  balloon  system  from  the  ground,  there 
is  ample  technical  base  from  which  to  project  greatly  extended  mission  duration 
limited  only  to  MTBF  of  on-board  systems.  Implementation  of  either  system 
obviates  the  need  to  penalize  the  payload,  altitude  and/or  mission  duration  by 
carrying  on-board  fuel  that  must  be  replenished  from  time  to  time, 

4.1.3  WEIGHT  REDUCTION 

As  stated  before,  each  pound  of  system  weight  supported  by  the  balloon 
penalizes  its  payload  and  altitude  capability.  In  addition  to  improvements  in  power 
systems,  two  areas  that  are  exploitable  for  overall  weight  reduction  are  balloon 
materials  and  the  on-board  nose  mooring  structure. 

The  application  of  recent  developments  in  materials  technology  to  balloon 
fabric  will  allow  substantial  weight  improvement  in  the  hull,  ba lionet  and  empen- 
nage. The  on-board  nose  mooring  structure,  which  weighs  approximately  500 
pounds,  was  originally  to  serve  a two-fold  purpose;  to  help  prevent  nose  dimpling 
from  wind  pressure  during  flight  operation  and  to  distribute  the  loads  through  the 
hull  structure  during  moored  conditions.  Results  from  design  verification  flight 
testing  indicate  that  the  hull  structural  integrity  is  such  that  the  nose  structure  is 
not  needed  during  flight. 

4.2  Radar  Sarvaillaace 

Flight  and  training  operations  are  being  conducted  by  the  RML  for  Aerospace 
Defense  Command  of  a prototype  balloon-borne  radar  surveillance  system  that 
has  proven  feasibility  of  this  concept  for  air  defense  and  surveillance.  The  follow- 
on  plans  include  a system  which  will  provide  24  hour  a day  operations  with  95  per- 
cent on  station  time  capability. 

I 

| 4.3  4pplit-alioa» 

4.3.1  MILITARY 

I Through  the  use  of  the  technology  developed  in  producing  the  Family  Q,  a 

family  of  balloon  systems  to  meet  individual  mission  requirement  is  now  possible. 
These  range  from  the  complex  radar  surveillance  programs  at  high  (12,  000'  MSL) 
altitudes  requiring  large  balloon  systems  to  simple  antenna  relay  stations  operating 
at  or  below  1, 000  feet  altitudes  requiring  balloons  as  small  as  3,  000  cubic  feet. 
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TETHERED  BALLOON  APPLICATION  SUMMARY 


MISSION 

Aircraft  Defense  Intercept 
ELINT  and  COMMINT 
Stand-Off  Sensing 
Optical  Surveillance 
Acoustic  Surveillance 
Bombardment  Reconnaissance 
ASW  Sonobuoy  and  Magnetic 
Anomaly  Detection 
Communications 
Containers  hip  Off-Loading 
Heavy  Lift  Station  Keeping 
Navigation  Aid 


PAYLOAD  TYPE 
MTI  Radar 

E/M  Spectrum  Search  and  D/F 
High  Resolution  TV,  Radar 
Visible  and  IR 
Acoustic  Search  and  D/F 
Acoustic  and  Optical 
Comm  Relay  and  D/F 

Comm  Relay 
Cargo  Containers 
Test  Ordnance 
LORAN  Antenna 


4.  3.  2 ATMOSPHERIC  AND  OCEANOGRAPHIC  SENSING 

A generalized  balloon  support  system  is  being  defined  to  permit  austerely 
budgeted  programs  to  use  balloon  systems  at  altitudes  below  10,000  feet  for  a 
variety  of  ecological  or  scientific  applications  such  as  sensing  airborne  pollutants, 
measurement  of  meteorological  cross  sections,  determination  of  airborne  insect 
counts  and  a variety  of  other  applications  requiring  stationary  sensors  at  low 
altitudes.  Systems  of  this  type  have  been  extensively  used  in  oceanographic 
monitoring  work. 

4.3.3  FORESTRY 

The  efficieni  management  of  forestry  resources,  which  includes  as  one  of  ‘s 
primary  i 'sponsibilities  the  preservation  of  timber  and  seedlings  from  the 
damages  of  fire  and  disease,  lends  itself  to  tethered  balloon  technology. 

Current  forestry  and  land  management  techniques  which  can  be  enhanced  and 
simplified  through  the  adaptation  of  this  technology  include: 

(a)  Forest  Management 

Assessment  of  the  type,  amount  and  "health"  of  vegetation  is  required. 
Current  procedures  consist  of  ground  and  other  observations  based  on  field  ex- 
perience and  research  results. 

(b)  Fire  Detection 

. Ground  station  detection  is  by  visual  observation  and  aircraft 
IR  sensors. 

. Fire  detection  communications  utilize  overloaded  ratio  and 
telephone  channels. 

. Fire  detection  data  handling  features  maps  and  hand  drawn  displays 
which  are  distributed  to  fire  bosses. 
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(c)  Fire  Suppression  Commend  and  Control 

During  Are  suppression  operations,  control  of  personnel  and  equipment  is 
mostly  person-to-person.  Point-to-point  communications  are  hampered  by  terrain 
features  and  channel  over -use. 

(d)  Meteorology 

Weather  forecasting  information  is  supplied  by  NQAA  and  local  ranger 
stations.  Specialized  lightning  warning  and  detection,  local  meteorological 
profiles  and  weather  modeling  use  is  limited. 

(e)  Disease  Detection 

Long  term,  wide  area  coverage  of  forested  areas  for  the  detection  of  timber 
damage  from  disease  and  insects  is  not  available.  Present  procedures  use 
limited  local  observations. 
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Figure  2.  Family  0,  200,  000  cubic  foot  Aerostat 
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Figure  5.  TELTA  Balloon  Test  Facility,  Cudjoe  Key,  Florida 
Featuring  Monorail  Mooring  • m 


i-.- ; 


Figure  (i.  Monorail  Mooring  System 
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Figure  7.  Cold  Weather  Environmental  Tests  at  Goodyear 
Airship  Facility,  Wingfoot  Lake,  Ohio 


Figure  8.  Aerodynamic  and  Aerostructural  Tests.  CII47 
Helicopter  Towing  Family  II  Aerostat 
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TEST  INSTRUMENTS 
AND  PAYLOAD 


LOAD  BAND 


I imin-  14.  Ai’imlMi.i mil  1 < • , t Mi.iIH  I si-<l  Muring  I 'i::  il>  II  I 
nicnl  l’n>|>r;iiii 


Figure  15,  BJ+3  84,  000  Cubic  Foot  Balloon  with 
Communications  Payload 


Figure  lfi.  Atmospheric  Science  Experiments  with 
Baidy,  5300  Cubic  Foot  Balloon 
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Figure  17.  Tether  Current  Measurements 


Figure  IB.  Instrumented  Aireruft  Measurements  uf  the  Karth's 
Fleetrieal  Field  as  I’erturhated  h\  a Halloon  System 
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i Figure  21.  5.10,  000  Cubic  l'uot  N'atural-Shape  Balloon 
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Figure  22.  Feasibility 
Experiments  with  Military 
Cargo  Containers 
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Abstract 


In  collaboration  with  the  National  Weather  Bureau,  the  National  Center  for 
Space  Studies  performed  a aeries  of  experiments  with  captive  Stratospheric 
balloons  at  the  Guyana  Space  Center  in  October  and  November  1973, 

After  failure  of  the  first  flight,  due  essentially  to  a winch  breakdown,  it 
became  possible  to  place  a 10,  000  m3  balloon  and  a 350-kg  gondola  in  position  at 
an  altitude  of  17  km  for  twelve  hours  with  an  ambient  temperature  of  less  than 
-80°C. 


The  gondola  had  about  60  sensors  at  the  flight  altitude  for  measuring  tempera- 
tures  and  temperature  changes  on  the  outside  and  at  various  inside  points,  vibra- 
tions and  inclinations,  wind  speeds,  and  the  movements  of  the  balloon  itself. 

For  future  programs  the  National  Weather  Bureau  is  developing  a more 
efficient  winch  while  the  CNES  is  investigating  another  type  of  positioning  to 
eliminate  stresses  caused  by  passing  through  jetstreams. 

In  addition,  an  array  of  gondolas  capable  of  moving  along  the  cable  is  being 
evaluated.  They  would  permit  continuous  probing  of  the  atmosphere  while  both 
stationary  and  moving. 


N n lilt  m>  Milk 
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1.  INTROOLCTION 


Operation  of  Stratospheric  balloons  in  free  flight  for  long-term  missions 
presents  serious  financial,  political  and  safety  difficulties.  For  this  reason, 
technical  and  operational  studies  have  been  undertaken  in  France  to  develop 
captive  Stratospheric  balloons  and  show  how  they  can  be  usefully  applied  to  many 
fields  such  as  meteorology,  telecommunications,  aeronomy,  and  detection  of 
earth  resources. 


2.  THE  CAPTIVE  STRATOSPHERIC  B ALLOON 

Its  main  usefulness  is  that  of  maintaining  experiments  for  a long  time  in  the 
Stratosphere  with  almost  complete  immobility  with  respect  to  earth;  we  may  call 
it  a geostationary  sub-satellite. 

The  following  advantages  are  expected  in  the  operational  phase,  apart  from 
the  purely  scientific  advantages; 

— The  telecommunication  links  are  very  short,  some  tens  of  kilometers,  and 
always  within  optical  range.  They  can  thus  be  permanent  and  have  a very  high 
capacity. 

— A single  transmission  and  receiving  station  will  provide  the  radio  links. 
The  operating  costs  are  thus  very  low. 

The  cable  moors  the  balloon  to  the  ground.  It  also  provides  a point  of  sup- 
port for  the  gondolas  such  that  the  atmosphere  can  be  continuously  investigated 
along  a vertical  line.  The  measurements  taken  have  a true  physical  sense  as 
there  are  no  disturbances  by  slipstreams  as  for  probes  in  free  flight. 


3.  PROBLEMS  TO  BE  SOLVED 

The  problems  of  building  an  operational  system  may  be  grouped  under  two 
headings. 

XI  Tecfcaical 

The  dynamic  effects*  of  the  atmosphere  make  it  necessary  to  rethink  the 
mechanical  and  thermal  designs  of  the  balloons  and  gondolas. 

The  cable  is  a fundamental  problem.  Without  the  recent  appearance  of  the 
new  synthetic  fibers,  captive  Stratospheric  balloons  could  not  reasonably  be 
contemplated. 
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3.2  Operational 

The  procedures  and  facilities  necessary  to  position  the  balloon  and  cable, 
without  exceeding  their  mechanical  strength  limits,  must  be  defined. 

3.3  Safety 

This  involves  safety  hazards  to  general  air  traffic  posed  by  the  tether  line  to 
the  ground.  Until  the  technical  and  operational  problems  have  been  well  defined 
and  solved,  experiments  cannot  be  performed  without  a total  safety  guarantee,  to 
the  detriment  of  the  cost,  simplicity,  and  rapidity  of  developments.  Only  then 
can  operational  conditions  be  defined. 


4.  DEVELOPMEAT  PROGRAM 

In  view  of  che  budget  available  and  the  desire  of  the  scientists  to  obtain  results 
very  rapidly,  it  has  been  impossible  to  work  out  an  ideal  technical  development 
program. 

Two  projects  are  under  way  with  different  objectives,  technical  means,  and 
operational  procedures. 

4.1  Project  "ESsOR”  fEaglish  “Flyaway”) 

This  project  is  being  implemented  by  the  National  Weather  Bureau  and  the 
National  Center  for  Space  Studies  (CMES).  It  has  a number  of  objectives: 

— A technological  mission  to  measure  the  conditions  to  which  the  system  is 
subjected. 

— A meteorological  and  scientific  mission.  The  gondola,  weighing  400  kg, 
must  remain  at  a constant  altitude  for  several  days,  after  which  it  must  be 
recovered. 

The  balloon  is  tethered  at  the  time  of  launch  and  the  cable  is  let  out  from  a 
winch  on  board  a ship.  During  the  flight,  control  of  the  balloon  is  possible  through 
the  interaction  of  the  winch  and  the  ship.  These  important  operational  procedures 
allow  for  recovery  of  both  the  tether  line  and  the  gondola. 

Moreover,  light-weight  sensing  devices  (about  10  kg),  capable  of  movement 
along  the  tether  line,  permit  continuous  meteorological  measurements. 

4.2  Pwject  “ARAIGINEE" 

This  project  is  being  carried  out  by  CNES  in  collatoration  with  the  Aeronomy 
Service. 
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It  is  designed  to  accommodate  long-duration  experiments  in  aeronomy  and 
meteorology  (greater  than  1 month). 

The  system  consists  of  several  fixed  or  mobile  packages  (gondolas),  with 
a maximum  single  package  weight  of  100  kg. 

The  balloon,  the  tether  cable  and  some  packages  are  launched  in  free  flight. 
During  the  ascent  the  cable  is  unreeled  and,  after  the  balloon  is  at  ceiling  height, 
the  lower  extremity  of  the  cable  is  recovered  and  secured  to  an  anchoring  device. 

Long  duration  station-keeping,  is  carried  out  without  ground  control  in  the 
interest  of  keeping  project  costs  low. 

Recovery  of  the  tether  cable  is  not  guaranteed. 

4.3  \ Practical  Operational  Systran 

Upon  completion  of  the  two  preceding  projects  a practical  operational  system 
will  be  developed. 


5.  THE  1973  EXPERIMENTS 

The  first  ESSOR  and  ARAIGNEE  experiments  took  place  in  October  and 
November  at  the  Guyana  Space  Center. 

S.l  The  ESSOR  Carapaipa 

There  were  two  launchings:  The  first  was  unsuccessful  as  the  polyester 
cable  broke  at  an  altitude  of  4000  m,  following  a mechanical  failure  in  the  winch. 
The  second  was  successful,  whereby  a 320  kg  gondola  was  maintained  at  a ceiling 
of  17,  000  m for  twelve  hours,  at  an  ambient  temperature  of  less  than  -80°C.  The 
cable  used  was  made  of  Dupont  de  Nemours  PRD  resin  which  had  twice  the  strength 
of  the  previous  polyester  cable. 

For  both  flights  the  other  system  characteristics  were  as  follows: 

—Balloon:  of  the  open  type,  natural  shape,  volume  10,000  m , made  of 

a polyethylene,  mylar,  and  polyester -polyethylene  mesh 
complex.  The  central  exhaust  duct  was  25  meters  long,  thus 
avoiding  large  gas  exhaust  with  aerodynamic  wind  pressure. 

The  balloon  envelope  could  withstand  tension  at  the  hook  of 
nearly  two  tons. 

— Gondola:  Ballasted  take-off  weight-  740  kg 

Weight  at  ceiling:  320  kg 
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— Technological  Measurements  Made  With  About  60  Sensors: 

Measurements  of  atmospheric  conditions:  pressure,  tempera- 
ture, wind  speed  (with  several  types  of  sensors,  ir.  the 
interest  of  aiding  future  selections  and  of  obtaining  operational 
evaluations). 

Numerous  temperature  measurements  in  the  gondola  and  on  the 
balloon. 

Cable  tension,  vibration,  and  inclination  measurements. 
Measuring  the  gondola's  dynamic  behavior . 

Measuring  operational  control  of  the  gondola. 

— Winch:  Power  rating:  80  HP,  set-up  on  a naval  ship,  maximum 

unwinding  speed  10  m/s;  maximum  wind-up  speed  8 m/s. 

— Launching  Procedure: 

The  launching  site,  situated  on  lie  Royale,  off  Guyana,  offers 
a surface,  protected  from  the  prevailing  winds,  of  only 
35  x 50  meters. 

The  launching  method  used  was  that  of  the  auxiliary  balloon 
plus  guidelines,  acting  as  guides  and  brakes. 

— Guidance  Procedure  During  Ascent: 

A program  was  worked  out  whereby  the  ship  was  moved  as  the 
winch  unwound,  to  avoid  severe  stresses  on  the  cable  (caused 
by  aerodynamic  forces  acting  on  the  balloon)  until  it  had  been 
completely  filled. 

— Field  Test  Results: 

The  ESSCR  Field  Test  allowed  qualification  of  both  the  balloon 
and  the  operational  procedures.  The  parameters,  recorded 
for  12  hours  only,  due  to  a false  remote  control  order, 
showed:  The  existence  of  an  important  heat  problem  as  the 
temperature  at  the  center  of  the  gondola  dropped  at  an  average 
of  3cC  per  hour. 

Absence  of  substantial  harmonic  vibrations  in  the  gondola; 
however,  atmospheric  conditions  were  particularly  favorable. 

Good  behavior  of  the  balloon  at  the  ceiling,  but  the  mechanical 
oalloon-cable  coupling  makes  it  difficult  to  design  a stabilized 
gondola. 
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5.2  ARAICNEE  Caapaiga  (Eagiisii  ‘‘Spider") 

One  flight  took  place:  a failure,  caused  by  cable  rupture  after  it  had 
’■nwound  3 km. 

The  system  characteristics  we.e  as  follows: 

— Main  Balloon: 

Twin-envelope  balloon,  the  outer  envelope  with  a volume  of 

3 3 

6,  800  m and  the  inside  envelope  2,  800  m . The  helium  is 

between  the  two  envelopes.  The  inside  envelope  is  filled  with 

air  through  a long  hose  serving  as  a dynamic  pressure  sensor. 

The  balloon  thus  keeps  its  natural  shape  between  the  altitudes 

of  16  and  19  km  despite  the  relative  wind.  Aerodynamic  forces 

are  minimized  and  the  risk  of  loss  of  lifting  gas  is  nii. 

— Auxiliary  Lifting  Balloon: 

3 

Volume  600  m , for  vertical  guidance  of  the  system  during  its 
free-flight  ascent. 

— Cable:  Polyester,  total  untensicned  length— 17  km.  The  first  length 

of  3 km  is  5.  5 mm  in  diameter,  and  the  second  of  14  km, 

4 mm  in  diameter. 

— Cable  Unwinding  Procedure: 

The  cable  is  wound  on  its  drum  and  is  suspended  from  the 
balloon  as  the  assembly  rises  in  free  flight.  At  the  chosen 
altitude,  according  to  the  wind  profile,  a pressure  contact 
releases  the  reel  which  descends,  unwinding  the  cable.  To 
brake  this  descent,  the  cable,  when  it  leaves  the  reel,  passes 
around  a capstan.  The  latter  is  braked  as  it  rotates,  by  blades 
turning  in  the  air  on  the  Henard  Mill  principle. 

— Renard  Mill: 

Designed  and  built  in  a very  short  period,  it  had  an  empty 
weight  of  nearly  150  kg,  achieved  by  a configuration  based  on 
aluminum  alloy  structural  aliapes. 

— Launching  Method: 

Analogous  to  that  of  the  ESSOR  Project,  but  the  additional 
presence  of  the  auxiliary  ascent  balloon  required  development 
of  an  automatic  device  to  jettison  this  balloon  in  the  dynamic 
launching  phase. 
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— Flight  Results: 

This  flight  was  an  "all  or  nothing"  trial  of  the  ARAIGNEE 
System.  The  3 km  of  cable,  5.  5 mm  in  diameter,  unwound 
according  to  theoretical  calculations  up  to  an  altitude  of 
ascent  of  9 km.  The  breakage  was  at  the  beginning  of  the  4 mm 
diameter  section.  Dynamic  stresses  caused  by  a capstan  rota- 
tion speed  of  2,  000  rpm  were  doubtless  incompatible  with  the 
local  weakness  of  the  polyester  cable.  By  design,  the  balloon 
provided  its  own  safeguards;  the  outer  envelope  burst  at  19  km 
altitude,  and  the  scientific  gondola  was  recovered  in  good  con- 
dition thanks  to  the  inside  envelope  which  remained  full  of  air 
during  the  entire  descent. 

6.  CURRENT  WORK 

Experiments  planned  for  1974  and  1975  have  the  same  objectives  as  the  pre- 
vious year,  and  are  also  motivated,  scientifically  speaking,  by  atmospheric 
physics  experiments,  requested  by  COVOS  (Committee  for  Studying  the  Con- 
sequences of  Stratospheric  Flights). 

6.1  ESSOR  Technical  and  Operational  Program 

Three  flights  are  scheduled  for  late  October  and  early  November  1974  at  the 
Guyana  Space  Center. 

The  main  purpose  of  the  first  two  is  to  obtain  scientific  results  without  seek- 
ing operational  and  technical  innovations  which  would  involve  the  risk  of  failure. 

The  third  flight  is  a technological  attempt  of  recovering  the  gondola  and  cable 
w'th  a parachute.  Technically  speaking,  the  following  improvements  have  been 
mads: 

— New  winch,  600  hp,  providing  a maximum  speed  of  20  m/s  for  unwinding 
and  the  possibility  of  high-tension  winding.  It  is  characterized  by  excel- 
lent flexibility  in  use  and  automation  in  piloting,  control,  and  safety. 

— The  cable,  5 mm  in  diameter,  is  of  PRD  29  fiber  and  is  able  to  stretch 
by  about  4 percent  instead  of  2 percent  as  with  the  1973  cable. 

— The  gondolas  have  been  redesigned  irom  the  heat  standpoint:  new 
arrangement  of  sensitive  elements,  and  testing  of  a catalytic  heating 
device.  However,  due  to  lack  of  time,  methods  based  on  very  low 
temperature  technology  will  not  be  tried  until  1975. 
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— Operational: 

The  launching  conditions  are  improved  by  setting  up  a wind  break  pro- 
tecting the  inflation  area. 

The  equilibrium  of  the  balloon-gondola-cable  system  is  more  stable.  If 
necessary,  extra  tension  of  about  200  kg  more  than  the  1 973  conditions 
will  be  achieved  at  the  ceiling  by  remote  control  '’’ballasting. 

Control  procedures  during  the  ascent  and  at  ceiling  are  better  designed, 
safer,  and  will  benefit  from  a methematical  program  of  static  and 
dynamic  equilibrium,  operating  on  real-time. 

During  this  field  trip,  the  first  VAMPIRE  prototype  light  gondolas,  capable  of 
moving  along  the  cable,  will  be  tested.  They  will  be  operationally  developed  in 
1975. 

6.2  ARAIGNEE  Operational  aad  Technical  Pragma 

The  year  1974  is  devoted  to  the  operational  studies  and  technical  improve- 
ments in  the  devices  necessary  for  correct  operation  of  the  ARAIGNEE  System. 

In  July,  August  and  September  1975,  the  first  long-duration  test  will  be  at- 
tempted at  the  Guyana  Space  Center. 

— Flight  Procedures: 

Ascent  of  a twin  envelope  balloon  in  free  flight  (Volume  35,  000  and 
3 

15,  000  m ),  a gondola  of  about  100  kg,  a ballast  base  of  400  kg,  an 
auxiliary  ascent  balloon,  and  a cable  unwinder. 

During  the  ascent,  the  cable  unwinding  function  is  activated  according 
to  the  wind  profile  and  to  the  manner  in  which  the  vertical  rate  of  travel 
of  the  balloon  is  controlled. 

The  balloon  will  be  at  its  temporary  celling  at  an  altitude  of  about  20  km, 
chosen  because  winds  are  light. 

The  cable  unwinder  is  picked  up  at  sea.  It  is  towed  by  a small  boat  to 
the  anchoring  point  and  cable  unviuding  continues  until  the  balloon  reaches 
the  rated  altitude  of  22  km.  The  cable  is  attached  to  its  mooring 
point. 

The  balloon  will  be  in  position  for  a long  time.  Equilibrium  conditions 
are  achieved  by  deballasting. 

Depending  on  the  wind  profile,  ascent  of  the  first  mobile  70  kg  gondola 
up  to  20  km  and  a second  identical  gondola  up  to  18  km  will  occur.  These 
two  gondolas  will  be  maintained  on  station  for  a long  time. 

Depending  on  the  scientific  program  and  the  weather  conditions,  repeated 
explorations  in  the  atmosphere  between  0 and  18  km  will  be  conducted 
with  40  kg  slow-moving  gondolas. 
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After  recovery  of  all  the  mobile  gondolas,  the  flight  id  brought  to  an  end 
by  breaking  the  cable.  The  outer  balloon  envelope  bursts  and  the  inside 
envelope  constantly  fills  with  air  thus  braking  the  free  descent  of  the 
gondola  attached  at  the  topmost  point. 
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Abstract 


This  program  was  conducted  to  determine  the  effect  of  interactions  between 
tethered  balloon  systems  and  the  atmospheric  electrical  environment  and  to  identify 
practical  and  effective  approaches  to  lightning  protection  for  such  systems.  A 
series  of  experimental  flights  were  designed  by  the  University  of  Miami,  School 
of  Atmospheric  Science  and  conducted  by  the  Range  Measurements  Laboratory  with 
the  assistance  of  University  of  Miami  professor.  Dr.  Don  J.  Latham.  Assess- 
ment of  hazards,  based  on  these  experiments,  was  performed  by  Dr.  E.  T.  Pierce 
and  Mr.  Gary  Price,  Stanford  Research  Institute.  Extensive  materials'  testing 
was  performed  by  J.R.  Stahman,  Lightning  and  Transients  Research  Institute. 

A commercially  available  lightning  hazard  level  indicator  was  evaluated  by  the 
RML.  This  paper  summarizes  the  program  approach  and  results. 


1.  INTRODUCTION 


The  Range  Measurements  Laboratory  (RML)  has  long  regarded  lightning 
hazards  and  attendant  limitations  as  the  last  obstacle  to  a truly  operational 
tethered  balloon  system.  Toward  the  end  of  surmounting  this  obstacle,  RML  has 
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conducted  an  extensive  research  program  in  the  interaction  of  tethered  balloon 
systems  with  atmospheric  electricity.  Under  a contract  with  the  University  of 
Miami,  Dr.  Don  J.  Latham  designed  a series  of  experimental  test  flights  to  deter- 
mine the  effect  of  the  balloon  and  tether  on  the  natural  electrical  field.  The  total 
program  approach  was  reviewed  by  three  other  highly  respected  atmospheric 
electricians:  Dr.  Edward  T.  Pierce,  Stanford  Research  Institute,  Prof.  Charles 
B.  Moore,  New  Mexico  Tech,  and  Dr.  Martin  A.  Uman,  University  of  Florida. 

The  results  of  this  testing  were  analyzed  by  Dr.  Latham  and  also  by  Dr.  Pierce 
and  Mr.  Gary  Price  of  Stanford  Research  Institute,  who  performed  statistical 
prediction  of  the  probability  of  lightning  strike  to  tethered  balloons. 

Testing  of  balloon  materials  with  simulated  lightning  for  the  purpose  of 
quantizing  the  vulnerability  of  these  materials  and  identifying  optimum  materials 
and  protective  techniques  was  conducted  by  Mr.  J.R.  Stahman  of  the  Lightning  and 
Transients  Research  Institute. 


2.  EFFECTS  OF  THE  BALLOON  SYSTEM  ON  THE  ELECTRICAL  ENVIRONMENT 

A long  vertical  grounded  conductor  will  distort  the  natural  electrical  field  as 
shown  in  Figure  1.  The  electric  fux  lines  intercepted  by  the  tether  result  in  in- 
terception of  a small  amount  of  air-earth  current  which  flows  down  the  tether  to 
ground.  Compression  of  equipotential  surfaces  above  the  balloon  results  in  an 
enormous  field  intensification  in  that  region. 

The  effective  shorting  of  the  field  by  the  tether  results  in  suppression  of  the 
field  near  the  tether,  at  ground  level. 

The  field  intensification  at  the  top  of  the  balloon  results  in  streamers  - the 
the  significance  of  which  is  indicated  in  Figure  2. 

2.1  Developaeat  of  tke  Slopped  Leader 

At  the  inception  of  a lightning  stroke,  an  ionized  column  of  air  moves  from 
the  cloud  toward  a charge  opposite  to  its  own.  This  column  advances  about 
50  meters  in  a microsecond,  pauses  infinitesimally,  then  advances  again  fre- 
quently branching,  always  in  the  general  direction  of  opposite  charge.  This 
precursor  of  a lightning  stroke  is  called  a stepped  leader. 

The  approaching  leader  induces  an  opposite  charge  on  the  ground  and  the 
resulting  high  field  causes  breakdown  of  the  air  at  points  of  localized  field  inten- 
sification and  ionized  columns  50  or  so  meters  in  length  extend  upward  from  these 
points  - which  could  be  fence  posts,  pine  needles  or  perhaps  tethered  balloons. 
Eventually  the  stepped  leader  connects  with  one  of  the  streamers  • probably  the 
highest  one  and  at  that  instant  the  developing  lightning  stroke  has  found  a home  and 
its  path  is  certain. 
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Note,  before  we  go  to  the  next  view,  the  downward  branching  of  stepped 
leaders  for  this  type  of  stroke. 

12  Triggmed  Ligkaiu* 

Now  If  the  ambient  field  is  quite  high  - say  over  10,  000  volts  per  meter,  and 
there  exists  at  the  top  of  the  balloon  a local  discontinuity  well  in  excess  of  one 
megavolt,  then  the  streamer  emitted  from  the  top  of  the  balloon  may  become  self 
propagating  and  create  a stepped  leader  extending  upward  to  some  charge  center 
before  that  charge  center  has  had  an  opportunity  to  develop  its  own  leader.  The 
resulting  stroke  is  said  to  have  been  triggered,  since  it  would  not  have  occurred 
if  the  balloon  had  not  been  there.  Triggered  lightning  strokes  can  generally  be 
identified  by  their  upward  branching,  as  shown  in  Figure  3.  Careful  observation 
of  lightning  to  tall  structures  has  indicated  that  structures  less  than  70  M high 
seldom  trigger  lightning,  whereas  the  Empire  State  Building,  about  400  meter  s 
high,  triggers  over  80  percent  of  the  lightning  that  strikes  it. 

So  far  we  have  assumed  that  the  balloon  is  at  ground  potential,  which  is  not 
obviously  the  case,  since  the  tether  materials  presently  used  are  highly  dielectric 
when  clean  and  dry.  The  assumption  of  ground  potential  by  a balloon  tethered  by 
a poorly  conductive  rope  can  only  occur  by  gradual  charge  transfer.  The  para- 
meters indicative  of  this  process  are  field  enhancement  above  the  balloon,  field 
suppression  at  the  tether  point  and  current  flowing  down  the  tether.  These  in- 
dicators can  be  measured  in  fair  weather. 

3.  EXPERIMENTATION 

3.1  Aiiimt  Vewnrawli 

Potential  gradient  above  the  balloon  was  measured  by  NASA  6.  This  in- 
strumented aircraft,  operated  by  the  NASA  - Kennedy  Space  Center,  is  equipped 
to  measure  field  along  three  axes.  The  measurements  were  made  with  the  air- 
craft flying  overhead  passes  on  upwind  and  crosswind  headings  at  various  altitudes 
from  100  to  1,  000  feet  above  the  balloon.  One  such  overflight  is  shown  in 
Figure  4. 

3.2  Grmtad  Measureaenls 

Five  deployable  measuring  systems  as  shown  in  Figures  5 and  6 were  located 
near  tne  winch  and  100,  200,  and  500  feet  away.  Potential  gradient  was  measured 
by  a device  known  as  a field  mill.  Air-earth  current  was  collected  by  a one  square 
meter  plate  and  measured  by  a sensitive  ammeter.  These  measurements  were 
strip  recorded  along  with  tether  current  and  wind  velocity. 
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Three  different  balloon  systems  were  used  for  these  tests  - the  205, 000  cubic 
foot  Family  □ system,  the  84,  000  cubic  foot  BJ+3  and  the  5,  300  cubic  foot 
Schjeldahl  balloon  (Figure  7)  which  we  generally  refer  to  as  "Baldy". 

A special  winch  system  was  built  for  Baldy  to  facilitate  the  comparison  of 
well  conducting  and  poorly  conducting  tethers.  Two  winches,  one  loaded  with 
1/8"  steel  cable  and  the  other  with  1/4"  nylon  rope  were  mounted  on  porcelain 
insulators  permitting  the  winch  to  be  grounded  or  isolated  from  ground  as  desired. 
(Figure  8). 

The  flying  sheave  was  similarly  isolated.  As  shown  in  Figure  9,  tether 
current  was  measured  by  grounding  the  system  through  a pico  ammeter.  If  all 
grounds  were  removed  and  the  system  allowed  to  float,  the  potential  of  the  tether 
could  be  measured  by  a field  mill  located  below  a plate  attached  to  the  winch. 

For  comparison  with  test  data,  several  geometric  models  of  the  balloon  system 
were  considered. 


4.  GEOMETRIC  MODELS 

With  a well  conducting  tether  and  a poorly  conducting  balloon,  we  assume 
that  the  dominant  geometry  would  be  that  of  the  tether.  The  mathematics  in  this 
case  are  greatly  simplified  by  modeling  the  tether  as  a long  thin  vertical  grounded 
semi-ellipsoid  - here  of  course  the  minor  diameter  is  greatly  exaggerated  to 
emphasize  the  geometry.  (Figure  10). 

If  we  assume  that  more  field  lines  terminate  on  the  balloon  than  on  the  tether, 
then  the  balloon,  modeled  as  a horizontal  prolate  ellipsoid  above  a conducting 
plane,  would  be  the  most  representative  geometry.  For  a well  conducting  tether 
the  ellipsoid  is  assumed  to  be  grounded.  For  a poorly  conducting  tether,  it  is 
assumed  to  be  charged  to  some  potential.  (Figure  11). 


5.  SUMMARY  OF  TEST  RESULTS 

The  results  of  test  data  analysis  can  be  summarized  as  follows:  the  data 
from  balloons  with  poorly  conducting  tethers  agreed  reasonably  well  with  the 
charged  horizontal  ellipsoid  model.  Cumulative  charging  with  time  was  noted, 
and  ciiarging  rate  was  consistent  with  measured  tether  current. 

The  BJ+3  balloon  flying  at  1,  000  meters  with  . 625  Nolaro  tether  was  fully 
charged  in  about  one  hour.  The  Family  II  balloon,  flying  at  1500  meters  with 
. 775  Nolaro  tether  was  only  charged  about  3 percent  after  3 hours  aloft.  This 
balloon  was  operating  above  the  mixing  layer  where  the  air  was  more  conductive 
than  the  tether  material. 
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The  data  collected  during  balloon  flights  with  steel  tether  fits  none  of  the 
above  models. 

We  learned  that  the  dominant  effect  in  the  case  of  a well  conducting  tether, 
as  predicted  by  C.  B.  Moore,  is  a plume  of  corona -produced  space  charge  flowing 
downwind  from  the  tether.  From  the  field  graph.  Figure  12,  it  can  be  seen  that 
potential  gradient  increased  gradually  as  the  aircraft  approached  the  balloon  from 
downwind  then  decreased  abruptly  after  the  aircraft  passed  over  the  balloon.  This 
effect  is  indicative  of  a corona  space  charge  plume  flowing  downwind  from  the 
tether  near  the  balloon.  These  measurements  are  consistent  with  the  theoretical 
charge  density  for  a stream  of  space  charge  diffusing  downwind  in  a conical  pat- 
tern with  a 10°  cone  angle. 

Additional  evidence  of  corona  production  is  given  by  the  measured  values  of 
tether  current,  which  greatly  exceeds  any  possible  current  due  to  air  to  earth 
current  - but  agrees  more  closely  with  theoretical  values  of  corona  current. 


6.  \ l LNER  ABILITY  OF  TETHER  MATERIALS 

A prime  concern  for  tethered  balloon  users  is  that  a lightning  stroke  will 
part  the  tether  and  allow  the  balloon  to  escape.  Although  this  did  occur  a number 
of  times  during  the  second  world  war,  none  of  the  five  strikes  to  balloons,  that 
we  are  aware  of,  in  recent  years  has  resulted  in  loss  of  a balloon,  though  all 
resulted  in  some  damage.  Our  experience  at  Cucjjoe  Key  in  August  1972  is  an 
interesting  case.  (See  Figure  13). 

The  balloon,  flying  at  about  4,  000  feet,  was  struck  by  a flash  from  a cloud 
which  we  believe  was  about  five  miles  away.  The  initial  point  of  attachment 
appears  to  have  been  about  264  feet  below  the  confluence  where  a section  was 
dejacketed.  Damage  also  occurred  at  four  other  zones  along  the  tether.  The 
length  of  these  damaged  areas  varied  from  five  to  80  feet  and  about  4 percent 
of  the  total  length  of  the  tether  was  effected.  Breaking  strength  was  reduced  from 
26,  000  lb  to  8,  000  lb  - dangerously  close  to  pulls  which  might  be  encountered 
under  the  same  conditions  where  lighting  is  probable.  The  significant  factors 
here  are  that  a balloon  with  a poorly  conducting  tether  was  struck  from  a flash 
from  a relatively  distant  cloud  but  nobody  was  killed  and  the  system  survived 
intact. 


6.1  Syilietic  Fiber  Tethers 

We  have  extensively  tested  Nolaro  tether  samples  by  exposure  to  electrical 
pulses  up  to  200  kilo  amps  and  have  been  able  to  produce  damage  resembling  that 
of  actual  lightning.  General  conclusions  which  we  reached  are: 
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(1)  The  probability  of  the  tether  being  damaged  on  a per  stroke  or  per  length 
basis  is  relatively  unpredictable. 

(2)  It  is  very  difficult  to  damage  short  samples  of  Noiaro  with  simulated 
lightning  unless  the  interior  of  the  cable  is  wet.  However,  we  were  not  able  to 
simulate  the  very  destructive  long  duration  - low  current  phase  of  a lightning 
flash. 

(3)  Anything  which  encourages  entry  of  the  lightning  streamer  through  the 
jacket  resulted  in  damage  or  total  destruction  of  the  test  sample  - for  example  - 
introduction  of  wires  inside  the  tether. 

(4)  Superficial  wetness  or  dirt  did  not  diminish  the  survivability  of  the  tether. 
In  fact  it  appeared  that  any  measure  which  increased  external  conductivity 
relative  to  internal  conductivity  appeared  to  enhance  survivability.  Limited 
testing  indicates  that  aluminum  paint  on  the  tether  reduced  the  likelihood  of 
damage. 

6.2  Steel  lire  Rofen 

The  materials  testing  program  also  included  testing  of  steel  cable  samples. 
The  two  most  promising  materials  appear  to  be  stainless  steel  and  extra  im- 
proved plow  steel.  Plow  steel  is  much  cheaper  and  as  Figure  14  indicates,  it  has 
a better  strength  to  weight  ratio  at  normal  temperature.  Stainless  steel  has 
better  corrosion  resistance  and  retains  more  strength  at  elevated  temperatures 
than  does  plow  steel.  As  indicated  in  Figure  14,  stainless  steel  exposed  to  a 
120-coulomb  lightning  flash  would  be  slightly  stronger  than  extra  improved  plow 
steel  of  the  same  cross  section.  Also  near  this  crossover  point,  the  plow  steel 
has  reached  a temperature  of  600°F,  beyond  which  it  will  not  regain  full  strength 
even  after  cooling.  Stainless  steel  (type  304)  regains  full  strength  after  cooling 
down  from  temperatures  up  to  1,  C00°F.  Some  actual  test  results  for  one  quarter 
inch  cable  are  shown  in  Figure  13. 

6.3  Co* punitive  Perfoiwauct  of  Steel  uad  Synthetic-  Fiber 

The  performance  of  steel  cable  is  more  predic'able  than  that  of  Noiaro,  since 
the  steel  cable  is  forced  to  conduct  the  entire  lightning  current  - the  statistics 
of  which  are  reasonably  well  known.  Based  on  a mixture  of  theory  and  experi- 
ment we  cautiously  offer  a rule  of  thumb  that  a steel  tether  less  than  3/8  inch 
diameter  should  be  stainless  steel.  A tether  of  1/2  inch  diameter  or  greater 
can  be  made  of  extra  improved  plow  steel  with  reasonable  safety.  In  between, 
we  must  trade  off  cost  and  weight  against  system  survivability. 

A lightning  stroke  traveling  down  a jacketed  Noiaro  tether  is  guided  rather 
than  conducted  by  the  tether.  The  energy  for  the  most  part  appears  to  Pash  along 
the  surface,  possibly  hopping  from  one  speck  of  surface  contaminant  to  the  next. 
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however,  it  occasionally  penetrates  the  sheath  with  destructive  results.  More 
development  and  testing  is  needed  to  fully  evaluate  the  effectiveness  of  protective 
coatings  as  well  as  the  feasibility  of  producing  tether  with  such  coatings. 

7.  RELATH  £ PROBABILITIES  OE  LIGHTNING  STRIKE 

We  believe  that  a balloon  tethered  by  a well  conducting  material  such  as  steel 
is  more  likely  to  be  struck  by  lightning  than  a balloon  tethered  by  a poor  conductor 
such  as  dry  clean  Nolaro  - however,  we  don't  think  the  difference  is  great  for 
several  reasons:  First,  we  have  shown  that  the  poorly  conductive  tether  does 
transfer  charge  and  will  eventually  look  like  a grounded  system  to  the  environ- 
ment. Second,  it  is  operationally  difficult  to  maintain  a poorly  conducting  tether 
as  such,  especially  in  a coastal  environment.  In  either  case  the  probability  of  a 
stroke  is  sufficiently^iigh  for  durability  to  be  a prime  concern. 

».  SAFETY  CONSIDER  ATIONS 

1. 1 Vifaiag  SystewK 

Another  region  of  concern  has  been  warning  and  safety.  Lightning  warning  is 
needed  to  two  time  phases  - early  and  immediate.  Notice  that  thunderstorms  are 
an  hour  or  more  away  must  be  based  primarily  on  meteorology.  Weather  radar  is 
needed  for  this  and  iso-echo  contouring  is  valuable  but  not  essential.  Any  radar 
such  as  a surplus  airborne  radar  with  weather  mode  is  better  than  none  at  all. 

The  value  of  a radar  can  be  considerably  enhanced  by  the  addition  of  a lightning 
direction  finder.  A simple  UHF  lightning  direction  finder  has  been  developed  by 
Krlder  (University  of  Arizona  and  Uman  (University  of  Florida).  This  system  puts 
a strobe  on  a radar  scope  indicating  the  direction  of  the  ground  contact  of  the 
stroke.  Unlike  HF  sferlcs  systems,  it  is  effective  at  ranges  less  than  50  KM. 

Much  of  the  lightning  menacing  Florida  balloon  operations  is  from  air  mass 
storms  which  grow  in  the  immediate  area  rather  than  advecting  from  afar.  For 
these  storms  and  for  general  short  term  warning  a system  embodying  the  features 
of  a field  meter  and  a flash  counter  is  needed.  We  have  obtained  and  are  evaluating 
one  such  instrument.1  This  system  provides  readily  interpretable  indications  of  the 
probability  of  a lightning  flash  to  ground  within  a nominal  8 mile  radius.  The  data 
collected  indicates  that  this  approach  is  promising. 
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1.2  Cnm  Piwtectioa 


In  the  event  that  a lightning  flash  does  come  down  the  tether,  the  most  en- 
dangered person  would  normally  be  the  winch  operator.  Proper  grounding  of 
the  winch  reduces  hazards  to  other  personnel  on  the  pad,  but  does  relatively  little 
for  the  winch  operator.  The  safety  of  the  winch  operator  can  be  enhanced  by  en- 
closing his  operating  position  in  a Faraday  cage,  with  all  conductors  from  the 
outside  world  entering  through  conduits  well  bonded  to  the  outside  of  the  cage. 

t.3  ReqtiircneeU  (or  Peraoeeol  Safety 

The  key  principles  of  lightning  safety  for  balloon  operating  personnel  are: 

(1)  An  early  warning  system  giving  sufficient  warning  to  permit  appropriate 
action  without  undue  haste. 

(2)  Short  term  warning  to  indicate  the  need  of  clearing  the  pad  of  all  non- 
essential  people. 

(3)  Protective  enclosures  for  anyone  who  must  remain  near  the  tether  point. 

(4)  And  last,  but  equally  important  • a well  conceived  and  firmly  implemented 
safety  plan. 
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Figure  4.  Overflight  of  the  "Baldy" 
Balloon  by  NASA -6,  an  Aircraft  Instru- 
mented for  Measurements  of  Potential 
Gradient 


Figures.  The  Deployable  Measuring 
System  for  Ground  Level  Measure- 
ments of  Potential  Gradient  and  Air- 
earth  Current 
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Figure  15,  Observed  Effect  of  Charge  Transfer  On  Breaking  Strength 
of  Steel  Cables 
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Design  Trends  of  Future  Aerostat  Systems 

E.L.  Crosby,  Jr.  mi  T.H.  Yon,  Jr. 

R.C.A.  Ttflt  Project* 


Abstract 


A rationale  la  developed  for  an  Improved  design  large  'ethered  balloon  to 
replace  the  HD-7  model  current'v  in  use  by  the  Range  Measurements  Laboratory. 
Substantial  gains  in  flight  performance  and  mission  duration  are  seen  to  be 
possible. 


1.  INTRODUCTION 

For  the  last  3 1/2  years  the  RML  has  been  flying  balloons  of  the  ED-7  design. 
This  balloon  is  a 200,  000  cu.  ft.  aeroform  balloon  designed  to  carry  a 750  lb. 
payload  to  10,  000  feet  and  supply  it  with  2.  7 KW  power.  Its  weather  design  limit 
is  90  kts.  wind  velocity  and  it  has  flown  successfully  at  more  than  55  kts.  All  of 
the  more  than  200  flights  have  been  heavily  instrumented;  and,  with  minor  and 
very  infrequent  exceptions,  we  have  been  fortunate  in  getting  good  data.  These 


* (RCA  International  Service  Corp.  is  a Contractor  to  the  Range  Measure- 
ments Laboratory  (RML)  of  the  Air  Force  Eastern  Teat  Range,  Patrick  Air  Force 
Base,  Florida). 
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data  have  been  analyzed  together  with  wind-tunnel  results  and  theoretical  inputs, 
and  have  provided  a reasonably  complete  and  acceptably  accurate  understanding 
of  the  nD-7's  performance.  TELTA  Report  TR  74-058,  "Design  Verification  of 
the  IID-7  Balloon"  contains  the  details.  Also,  practical  daily  contact  with  this 
active  vehicle  has  given  an  unusually  good  opportunity  to  observe  the  many 
technological  aspects  of  the  system  design-such  things  as  durability  oi  materials, 
power  plant  operation,  lifting  gas  management  and  so  forth. 

Based  upon  this  experience,  and  upon  contemporary  progress  in  contributing 
technologies,  there  has  emerged  a well-founded  concept  of  an  improved-design 
vehicle  for  this  general  mission.  This  paper  will  describe  the  details  of  these 
improvements,  their  basis,  and  the  results  expected.  In  this  discussion,  our 
basis  will  be  the  "standard  IID-7"  which  is  an  hypothetical  "centerline"  version 
of  the  balloon. 

As  all  balloon  designers  know,  since  the  balloon  is  a buoyant  vehicle  used(to 
elevate  ard  suspend  a mass,  its  weight  is  of  paramount  importance,  bi  fact,  ^ 
other  considerations  such  as  stability  being  equal,  the  figure  of  merit  by  which 
comparisons  are  made  is  the  payload  weight/balloon-size  ratio.  It  is  not  sur- 
prising then,  that  the  advantageous  design  improvement,  usually  affect  gross 
weight  either  directly  or  indirectly.  This  is  the  case  with  the  discussion  which 
follows.  To  get  an  idea  of  the  interactions  which  affect  weight,  consider  the 
diagram  of  Figure  1.  Here  are  shown  a number  of  improvement  topics  in  the 


Figure  1.  Relation  of  Balloon  System  Design  Parameters  to  Vehicle  Gross  Weight 


110 


* 

r 


context  of  the  QD-7  and  hew  they  i elate  to  vehicle  weight.  We  shall  now  go  into 
detail  on  tne  contemplated  design  innovations,  beguiling  with  those  which  are 
rather  directly  connected  with  aerodynamic  performance. 


2.  AERODYNAMICS  CONSIDERATIONS 

Analysis  of  flight  records  Indicates  that  the  chin  airscoop  accounts  for 
10  percent  to  14  percent  of  the  total  balloon  drag  and  it  is  desirable  to  relocate 
it.  Estimates  based  on  drag  calculations  for  some  of  the  other  appendages  which 
could  be  Improved  such  as  trailing  lines,  give  a value  of  possible  drag  reduction 
of  about  1 percent  from  these  sources.  Taking  the  median  value  of  scoop  drag,  a 
value  of  13  percent  is  obtained.  By  subtracting  this  drag  and  solving  for  the 
resulting  trim  angle  at  65  kts  on  the  standard  IID-7,  a value  of  2.  68°  is  obtained, 
as  compared  with  2.  95°  without  drag  reduction.  We  would  like  to  restore  the 
trim  angle,  primarily  to  maintain  aerodynamic  efficiency.  Using  lift  and  drat 
coefficients  established  for  the  hull  only  compared  to  the  fin  only  as  obtained  in 
wind-tunnel  tests,  and  applying  the  direct  proportionality  of  forces  and  areas,  we 
find  that  a 5 percent  reduction  in  horizontal  (tail)  surface  area  brings  the  pitch 
trim  angle  back  to  2.  74°.  However,  it  is  accompanied  by  a net  reduction  in  total 
lift.  Therefore  since  the  balloon's  optimum  performance  is  so  dependent  on  lift, 
an  engineering  tradeoff  is  called  for.  The  elimination  of  the  chin  scoop,  in  any 
case,  U desirable  because  of  the  reduction  in  drag.  Another  advantage  lies  in 
the  Improvement  in  lateral  stability  because  of  the  resulting  movement  aft  of  the 
net  effective  center  of  pressure. 

Relocation  of  the  chin  airscoop  to  a location  at  which  it3  drag  is  appreciably 
less  is  limited  to  integrating  it  with  the  forward  end  of  the  windscreen.  This  has 
been  carefully  considered  and  is  advantageous  because  the  profile  drag  of  the 
windscreen  is  already  accounted  for  and  addition  of  the  scoop  would  probably  not 
increase  it  significantly.  The  disadvantage  is  primarily  the  structural  complica- 
tion. 

Further  consideration  of  the  chin  scoop  drag  problem  led  to  the  simple  but 
elegant  solution  of  merely  eliminating  it,  and  deriving  hull  ram  air  from  the  tail 
scoop.  This  proposal  will  be  carried  further  in  a later  paragraph,  since  it  in- 
volves operation  of  the  hull  and  tall  at  the  same  pressure. 

3.  IMPROVED  MATERIALS 

Turning  to  Improvements  of  other  types,  we  again  look  to  flight  test  results. 
Data  indicate  that  at  65  kts  the  highest  fabric  stress  was  53  lb/in.  at  the  point 


111 


of  maximum  hoop-stress.  This  point  also  was  loaded  by  the  suspension  system. 
This  value  is  less  than  1/3  of  the  ultimate  grab-tensile  strength  of  the  material, 
indicating  that  a considerably  lighter  fabric  of  the  same  type  would  suffice. 
However,  a fiber  of  higher  specific  strength,  Kevlar,  also  has  a considerably 
greater  elastic  modulus.  We  could  therefore  postulate  an  idealized  fabric  of 
greatly  reduced  weight,  somewhat  lower  ultimate  strength  but  which  would  still 
have  less  deformation  due  to  stretching  under  load.  In  this  connection  it  would 
be  most  desirable  to  fully  evaluate  triaxially  woven  cloth  3ince  its  shear  stability 
and  high  tear-strength  would  make  it  unnecessary  to  use  multiple-ply  fabric. 

This  feature,  among  its  other  advantages,  greatly  improves  fabric  performance 
where  ply  adhesion  is  a problem,  such  as  at  seams  and  load  patches.  The  coat- 
ing plays  a particularly  important  role  in  fabric  of  this  type;  and  it  is  very 
desirable  to  use  the  same  or  a similar  compound  on  both  sides  of  the  cloth.  For 
this  application,  the  polyurethanes  are  currently  favored  because  of  their 

optimum  combination  of  properties.  A triaxial  Kevlar/urethane  hull  material  of 

2 3 

6 oz/yd  appears  to  be  a conservative  choice  for  200K  ft  volume. 

While  on  the  subject  of  materials,  the  tether  should  be  discussed  since  it  is 

the  heaviest  single  component.  The  ED-7  has  been  flown  on  a polyester  Nolaro 
tether  rated  at  25K  lb  break  strength  and  weighing  202  lb/K  ft.  Flight  experience 
indicates  that  this  design  is  too  conservative,  since  the  highest  tension  we  have 
measured  was  about  8,  000  lb.  In  a future  design  we  recommend  a break  strength 
of  about  17K  lb  giving  a safety-factor  of  two  over  our  worst  case.  Making  this 
cable  of  Kevlar  results  in  a tether  weight  of  about  75  lb/K  ft.  For  a deployed 
tether  length  of  15,000  ft,  the  weight  saying  is  about  1900  pounds!  The  tether 
tension  due  to  drag  will  be  considerably  reduced  because  of  the  decreased 
diameter,  the  exact  value  of  which  depends  on  construction.  For  the  NOLARO 
construction,  the  diameter  would  be  about  0.  6 of  that  of  our  present  cable,  and 
the  drag  reduction  would  appreciably  reduce  olowdown. 


4.  IMPROV  EMENTS  IN  THE  PRESSURIZATION  SYSTEM 

Figure  2 is  a photograph  of  the  hull  airs'soop  and  fan  arrangement  of  the 
IID-7  balloon.  Note  the  fabric  "flapper -valve"  in  the  throat  of  the  scoop  and  note 
also  the  location  of  the  fan  assembly,  well  above  the  scoop.  These  structures 
are  shown  schematically  in  Figure  3,  Note  the  large  flapper  valve  in  the  air- 
scoop  throat  and  the  anti-return  sleeves  on  the  fan  discharge  ends.  The  two  air 
retention  structures  are  redundant,  and  the  fans  do  not  efficiently  use  the  ram 
boost  pressure.  Both  of  these  drawbacks  can  be  remedied  as  shown  in  Figure  4. 
Here  the  flapper  valve  is  eliminated,  the  fan  sleeves  providing  this  function.  The 
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Figure  3.  Schematic  Cross-Section  of  Typical  Present  Airscoop  and  Fan 
Area 


Figure  4.  Schematic  Cross -Section  of  Improved  Typical  Airscoop  and 
Fan  Arrangement 


fans  are  relocated  to  receive  maximum  developed  boost  pressure.  The  net 
result  Is  r.  saving  of  considerable  power  not  only  because  of  higher  inlet  pressure 
but  the  flapper  valve  does  not  provide  an  elective  seal,  as  we  found  throughout  the 
test  program. 

We  previously  discussed  chin  airscoop  elimination  and  operation  of  the  hull 
and  empennage  at  the  same  pressure.  While  this  is  considered  feasible,  it  re- 
quires relatively  close  control  of  pressure  since  the  empennage  low-limit  and  the 
hull  high- limit  must  always  straddle  the  effective  d-p.  A pressure  regime  of 
Q-t-n  which, has  been  our  goal,  can  better  be  realized  with  the  relocated  fans  and 
should  be  instrumented  with  a well  chosen  static  port  and  a "Q"  transducer. 

On  the  subject  of  pressure  control  it  would  be  desirable  to  redesign  the  gas 
valve.  The  IID-7  uses  four  valves,  two  each  for  helium  and  air.  On  flight  pro- 
grams of  long  duration  it  is  a great  convenience  in  management  of  helium  to  be 
able  to  compute  gas  loss  due  to  both  the  checkout  exercise  of  the  He  valves  and  to 
their  valving  off  gas  at  altitude,  which  occasionally  occurs.  Our  present  valves 
take  about  25  seconds  to  open  or  close;  although  we  have  had  only  one  valve  mal- 
fu  ctior.  instance  (and  it  was  brief)  we  would  like  a redesigned  valve  which  would 
"fail-safe  closed".  Preliminary  design  work  indicates  that  such  a feature 
could  be  incorporated  in  a valve  having  a 3 second  half-cycle  time  and  weighing 
about  7 lbs.  This  represents  a weight  saving  of  about  35  lbs  for  the  feur  valves. 

Another  test  program  spin-off  v/as  the  realization  of  the  superiority  of  a-c 
operated  fans.  The  brush  wear  of  the  d-c  powered  fans  has  an  MTO  of  1000  hours. 
A-C  fans'  MTO  is  at  least  10  times  longer.  Besides  being  lighter,  the  a-c  units 
save  more  than  100  lbs  because  of  their  lighter,  high-voltage  cabling.  Use  of 
a-c  fans  of  course  eliminates  the  safety  feature  of  standby  storage-battery  fan 
operation  if  the  power-supply  engine  stops;  however,  limited  experience  has  shown 
that  the  air-scoop  will  maintain  envelope  shape  sufficiently  for  balloon  recovery. 
Elimination  of  the  storage  battery  saves  another  90  lbs. 

It  was  found  that  a well-sealed  payload  windscreen  could  become  over  pressur- 
ized, which  resulted  in  hull  distortion  and  risk  of  windscreen  rupture.  This  was 
prevented  by  installation  of  poppet -type  relief  valves.  A better  solution,  which  is 
recommended,  is  to  port  the  windscreen  into  the  ballonet,  with  a manual  shutoff 
to  be  used  when  the  windscreen  is  opened. 

S.  POWER  SUPPLY  DEVELOPMENTS 

A discussion  of  technological  improvements  would  not  be  complete  without 
citation  of  the  fuel  supply  tether.  Mr.  Duggins  will  report  this  interesting  develop- 
ment but  it  has  a ramification  which  is  significant  here.  The  weight  saved  by 
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elimination  of  on-board  fuel  storage  id  considerable.  A 24  hr  supply  for  the  5KW 
IID-7  power  plant,  including  the  tank  weights  about  200  lbs. 

The  fuel  supply  tether  lengthens  the  mission  time  to  the  point  that  engine 
maintenance  is  the  limiting  factor.  Our  logged  flying  time  does  not  yet  permit 
a sufficient  basis  for  an  accurate  figure,  but  for  our  equipment,  200  hours  is 
beginning  to  be  a good  interval  for  engine  adjustment.  A comparatively  recent 
development  of  the  thermoelectric  converter  appears  as  an  attractive  alternative. 
Burning  clean  gaseous  fuel,  such  a power  plant  would  have  an  MTO  of  in  the  range 
of  5000  to  10,  000  hours.  This  type  of  power  plant  would  be  slightly  heavier  than 
the  present  one,  but  its  reliability  is  much  higher.  This  is  not  a firm  recom- 
mendation for  new  balloons  but  is  a very  attractive  solution  to  lengthening  mission 
time  which  is  a prime  candidate  for  trial  if  mission  duration  is  important. 

f>.  THU  NOSE-STRI  ( Tl  KK  IMtOltl.KM 

The  IID-7  balloon  carries  a 500  lb  metallic  nose-structure  in  flight.  A view 
of  it  is  seen  on  Figure  2.  Its  massive  proportions  are  evident  in  Figure  5.  It 
was  originally  incorporated  to  prevent  dimpling  under  pressure  from  high  wind 
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velocities.  Our  high  speed  flights  showed  no  dimpling  and  subsequent  analysis  has 
shown  that  no  such  danger  exists  at  wind  speeds  below  at  least  90  kts.  The  present 
purpose  of  the  nose  structure  is  to  distribute  into  the  hull  the  loads  imposed  by  the 
tower  while  the  balloon  is  moored.  It  is  obviously  most  undesirable  to  penalize 
the  balloon  with  parasitic  weight  which  is  of  no  use  In  flight.  Therefore  a prime 
target  in  any  new  balloon  system  design  would  be  the  elimination  of  the  nose  struc- 
ture. There  are  several  approaches  which  appear  feasible  and  little  doubt  that  with 
reasonable  development  effort  it  can  be  done. 

7.  SI 'NATION  OF  NPRONEWENTS 

Let  us  consider  what  the  foregoing  have  accomplished.  Figure  6 shows  a 
somewhat  simplified  comparative  weight  table  for  the  standard  IID-7  and  a similar 
balloon  to  which  the  improvements  we  have  discussed  have  been  made.  The  per- 
formance of  the  improved  balloon'  is  shown  in  Figure  7.  As  can  be  seen,  we  have 
arrived  at  a balloon  which,  at  200,  900  cu.  ft.  volume,  is  much  too  large  for  the 
job,  unless  a large  excess  lift  margin  at  some  intermediate  altitude,  say  IS,  000 
feet,  is  desired.  As  you  who  have  prepared  balloon  sizing  estimates  know,  the 
procedure  requires  several  iterations  because  when  one  has  excess  lift  and  reduces 
volume,  he  again  has  an  excess  lift  remainder  because  of  reduced  weight,  and  so 
on. 


STD  110-7 

IMP. 

Hull  Wt. 

1950  lbe. 

1170  lbe. 

Tail  Wt. 

1065 

800 

Fan  Sye.  Wt. 

190 

90 

Battery  Wt. 

117 

27 

Valve  Wt. 

69 

34 

TOTAL  WT. 

6291  lbe. 

5021  lbe. 

TETHER  WT. 

202  lba./Kft. 

75  lbe./Kft. 

MAX.  ALTITUDE 

12,000  ft. 
• 

21,000  ft. 

Figure  6.  Comparison  of  STD  IID-7  With  Improved  Balloon  of  Similar  Size 
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MNOSPEEO  (KNOTS) 

Figure  7.  Altitude  Vs.  Wind3peed  Performance  Comparison  of  Standard  HD-7 
Balloon  and  Improved  Versior  (See  Text) 


Retaining  the  original  boundary  conditions  and  preparing  only  the  first  itera- 
tion for  a reduced-size  IID-7  (more  correctly,  a IID-8),  we  obtain  a set  of  num- 
bers using  conventional  volume-area -weight  relationships  which  are  tabulated  in 
Figure  8.  The  new  volume  is  only  125,  000  cu.  ft.  and  the  original  mission  is 
unchanged. 

The  resulting  superiority  in  cost  and  operational  convenience  is  very  worth- 
while. It  should  be  pointed  out,  the  size  reduction  would  require  downward  re- 
estimation  of  fabric  and  tether  requirements,  and,  as  a result,  the  new  balloon 
would  be  somewhat  smaller,  still. 
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Payload 

750  lbe. 

Alti tude 

to, 000  ft. 

Volueie 

125,000  ft.3 

Length  0/A 

115  ft. 

Hull  0 i a.  Max. 

38  ft. 

Tail  Span 

55  ft. 

Tether  Wt. 

60  lba./Kft. 

Figure  8.  Predicted  Approximate  Features  of  Resized 
Balloon  (Similar  to  1ID-7 


8.  CONCLUSIONS 

The  IID-7  has  proven  to  be  a very  good  aerodynamic  design.  Long  practical 
experience  has  revealed  a number  of  areas  where  design  revision  would  result  in 
improved  performance.  Art -state  progress  permits  other  improvements.  The 
next  design  generation  should  be  smaller  and  considerably  cheaper. 
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Abstract 


Free  balloon  systems,  classified  as  zero-pressure,  superpressure  and  air- 
ballast  systems,  a e reviewed  with  respect  to  botn  achievable  flight  profiles  (in 
terms  of  possible  flight  stages}  and  the  payload  subsystems  necessitated  thereby. 
Air-ballast  systems,  with  noted  exceptions,  are  treated  as  having  merely  theoreti- 
cal capabilities,  sufficiently  documented  elsewhere.  The  capabilities  and  potential 
of  the  superpressure  balloon  are  briefly  considered  and  recommended  as  warrant- 
ing a thorough  Independent  analysis.  For  zero-pressure  balloons,  a capability 
in-the-large  is  numerically  defined  and  this  macrovariable  is  proposed  as  suitable 
for  assessing  ai.d  planning  ca;iabillty  growth.  Implications  are  stated  with  respect 
to  the  historical  trend  of  this  variable  and,  based  thereon,  suggestions  are  offered 
concerning  future  research  and  development  of  zero-pressure  balloons.  Historical 
data  are  appended  and  references  are  given. 


I.  INTBOmcnO'N 


An  overview  of  free  balloons  with  respect  to  capability  provides  a unique  op- 
portunitv  to  examine  critically  the  classes  of  free  balloons,  the  essential  similar- 
ities and  differences  in  their  flight  profiles,  and  the  distinct  payload  subsystem 
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functions  required  for  their  performance.  Moreover,  it  affords  a proper 
philosophical  environment  in  which  to  speculate  on,  and  hopefully  to  establish  the 
existence  of  a macroscopic  capability  measure  and  possible  subordinate  capabili- 
ties. It  is  my  intention  to  take  this  approach  and  where  appropriate  to  introduce 
supporting  historical  data.  Detail  will  be  limited  to  ensure  an  orderly  and  precise 
development  of  the  topic  and  subordinate  elements  will  be  introduced  and  expanded 
only  when  needed  to  clarify,  supplement  or  reinforce  the  development. 

A free  balloon  system,  consisting  of  the  balloon  proper  and  the  necessary 
payload  subsystems*,  will  be  treated  as  the  "carrier  ',  and  the  user's  or  project 
payload**  as  the  "cargo".  With  noted  exceptions,  capabilities  will  be  interpreted 
as  relating  to  providing  a time-varying  atmospheric  environment  free  of  "b  "—on" 
induced  disturbances,  subject,  of  course,  to  the  limitations  of  physical  laws 
(ascent  and  descent  necessarily  subject  the  project  payload  to  certain  forces). 
Stated  as  a definition,  capability  is  a measure  of  the  ability  to  move  a project  pay- 
load  through  a specified  profile  with  no  "significant"  sense  of  the  presence  of  the 
balloon  system.  Two  important  facts  concerning  capabilities  should  be  kept  in 
mind.  First,  they  exist  in  response  or  relationship  to  needs  either  real  or 
hypothesized  (independent  of  whether  the  capabilities  are  merely  discovered 
or  intentionally  developed).  Second,  they  are  inherently  susceptible  to  improve- 
ment. 

The  propositions  to  be  developed  herein  are  not  the  only  objective* . nather, 
they  .ire  intended  to  serve  as  stimulants  to  the  imaginations  of  both  the  designers 
and  manui.. '•turers  of  balloon  systems.  Further,  the  methods  used  or  referenced 
are  recommended  for  use  in  future  exercises  in  planning  or  analyzing  the  growth 
of  free  balloon  capabilities,  including  both  superpressure  and  air-ballast  systems 
which  are  treated  only  peripherally  herein.  Finally,  it  is  impossible  to  over- 
emphasize the  importance  of  a complementary  heuristic  analysis  of  requirements 
(as  opposed  to  capabilities)  from  the  peculiar  vantage  of  the  scientific  and  military 
user;  the  historical  evidence  in  this  field  being  predominantly  supportive  of  the 
viewpoint  that  technological  progress  is  ,ene:ally  in  response  to  externally 
imposed  requirements,  not  self-generated  goals  (i.  e.  teleological). 

Before  examining  fre?  balloon  system  capabilities  or  even  rigorously  defining 
capability  in  the  large  sense,  it  is  in  order  that  we  look  at  the  various  types  of  free 
balloon  systems  in  terms  of  how  they  are  constituted  and  how  they  perform.  The 


* The  term  "payload  s bsystems"  refers  to  those  subsystems  described  in 
Figure  2. 

**The  term  "Project  Payload"  refers  to  that  part  of  the  payload  dedicated  to 
mission  objectives  as  opposed  to  the  "payload  subsystems."  Taken  collectively, 
they  comprise  the  payload  (total  suspended),  symbolically  represented  as  W . 
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details  furnished  will  be  consistent  with  the  established  philosophy  for  the  develop- 
ment of  the  topic  and  explicit  comment  will  frequently  be  omitted  in  favor  of  a 
reference  to  the  literature. 


i 

i 


I 1.1  Cleates  of  Free  Bcllooa  Systran 

Free  balloon  systems  can  be  divided  reasonably  and  satisfactorily  into  three 
classes: 

Zero-pressure  systems* 

Superpressure  systems 

Air-ballast  systems 

The  first  two  classes  are  (in  name)  distinguishable  by  the  amount  by  which  the 
balloon  internal  pressure  at  the  base  exceeds  the  ambient  atmospheric  pressure 
for  the  fully  Inflated  balloon  floating  at  its  design  celling  altitude:  zero  in  the 
former  case  and  greater  than  zero  in  the  latter  case.  Air-ballast  systems  are 
named  somewhat  arbitrarily  for  one  system  of  their  class,  one  which  used  the 
weight  of  contained  pressurized  air  to  ballast  the  system. 

The  most  widely  used  class,  and  the  one  we  shall  most  fully  explore,  is  the 
zero-pressure  system.  There  are  numerous  references  to  every  aspect  of  this 
class,  tut  perhaps  the  most  complete  catalog  was  compiled  by  Rice  (1974). 

Air -ballast  flight  systems,  from  the  point  of  view  of  the  objectives  of  this 
presentation,  surface  a rather  unique  problem.  Except  for  the  new  and  scientifi- 
cally exciting  work  of  Blamont  (1974),  using  the  air-ballast  system  principle  to 
fly  an  isentropic  profile,  we  are  confronted  with  an  almost  totally  theoretical 
capability.  Although  considerable  effort  was  expended  by  Vitro  Laboratories  under 
contract  to  Air  Force  Cambridge  Research  Laboratories  (AFCRL)  and  reported 
by  Davidson  (1967a,  b)  and  (1968),  a successful  system  was  not  flown.  The  only 
known  flight  of  such  a system,  within  this  country,  was  a partially  successful, 
but  none  the  less  significant,  experimental  system  flown  by  National  t enter  for 
| Atmospheric  Research  (NCAR)  in  1963  and  reported  in  their  September  1963  issue 

{ of  Scientific  Ballooning.  The  works  of  Blamont  and  Davidson  should  stand  as 

descriptive  of  capabilities  in  this  emerging  class  of  free  balloons. 

Superpre3sure  balloon  systems  have  been  most  notably  discussed  by  Grass 
(1962)  and  Lally  (1967).  An  effective  treatment  of  their  capabilities,  actual  and 
potential,  is  only  possible  in  a separate  overview,  the  scope  of  which  would  be 
adequc.e  to  their  complexity  and  uniqueness.  This  Is  consistent  with  the  approach 
and  also  avoids  slighting  mo  importance  of  the  Eole  and  Ghost  programs  by  a too 


*Insofar  ?s  is  practical,  terms  and  symbols  used  herein  are  consistent  with 
those  published  in  the  "GLOSSARY  OF  SCIENTIFIC  BALLOONING"  available 
through  the  Scientific  Ballooning  Association,  National  Scientific  Balloon  Facility, 
Palestine,  Texas  7S801. 
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superficial  treatment  based  on  the  expedidht  of  time  and  the  limited  availability  of 
factual  data.  It  should  be  sufficient  to  note  the  approximately  one  million  dollar 
National  Scientific  Balloon  Facility  (NSBF)  effort  »s  proof  of  the  future  role  of  the 
superpressure  balloon  system  in  military  and  scientific  applications. 

I do  feel  compelled  to  make  one  observation  in  passing.  With  the  advances  in 
high  strength  fibers,  with  improved  polyethylene  films,  with  our  increased  under- 
standing of  the  mechanical  responses  of  these  materials  and  finally  with  our  ability 
to  analyze  large  deformations,  a true  technological  breakthrough  may  be  possible 
through  development  of  the  e-balloon.  This  design  was  conceived  by  and  reported 
on  by  Smalley  (1970)  at  the  Sixth  AFCRL  Scientific  Balloon  Symposium. 

1.2  Flight  Profiles 

Time-altitude  profiles  typical  of  these  free  balloon  systems  are  shown  in 
Figure  1.  The  constant  altitude  a-profile,  long  considered  to  be  the  ultimate 
profile,  provided  impetus  for  the  development  of  super-pressure  systems  and 
represents  typical  superpressure  balloon  performance.  Although  theoretically 
attainable  with  a zero-pressure  system,  it  is  not  practical  for  reasons  implied 
in  Section  6.  4. 

The  c-profile  depicts  the  classical  zero-pressure  flight  profile  described 
in  detail  by  Braun  and  Kelly  (1957).  Its  significant  feature  is  the  diurnal  ballast 
demand  imposed  by  sunset  cooling.  This  profile  can  also  be  effected  by  use  of 
an  air-ballast  system. 

The  b-profile,  a combination  of  a step  profile  and  the  c-profile,  presents 
a common  requirement  for  zero-pressure  systems,  but  is  also  attainable  using 
an  air  ballast  system. 

The  number  of  possible  free  flight  profiles  is  truly  infinite,  but  each  can  be 
reduced  to  certain  elementary  stages  as  shown  in  Table  1.  Note  that  some  stages 
are  unattainable  with  pure  superpressure  systems  and  may  not  be  attainable, 
either  totally  or  for  practical  reasons,  with  certain  air-ballast  systems.  Only  the 
zero-pressure  systems  are  capable  of  all  stages.  This  latter  fact  contributes 
tremendously  to  their  vei  itility  and  undoubtedly  accounts  for  their  wide  ranging 
applications. 

Some  flight  stages  are  passive  (natural),  while  others  require  active 
initiation,  sustaining  action  or  a combination  thereof.  The  need  for  such  actions 
imposes  requirements  for  specific  payload  subsystem  control  functions.  Table  2 
clarifies  the  relationshi,  ' between  these  flight  stages  and  the  subsystem  functions. 

(I  have  refrained  from  using  the  terms  valving  and  ballasting  in  Table  ? because 
they  are  too  specific  and  represent  contemporary  methods,  thereby  suggesting  a 
closed  book  in  so  far  as  technique  is  concerned.  Closed  book  presentations  have 
frequently  foreclosed  progressive  thinking  in  many  an  overview/ planning  exercise.) 
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Figure  1.  Typical  Free  Balloon  Time-Altitude  Profiles.  Letter  V denotes 
requirement  to  valve  gas  and  letter  B denotes  requirement  to  drop  ballast. 
Letter  A denotes  ballaBt  drop  for  zero  pressure  balloon  system  or  air- 
ballast  function  for  air-ballast  system.  Letter  T denotes  termination  and 
dashed  line  represents  terminal  descent,  common  to  all  profiles 
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Table  1.  Flight  Stages  for  the  Three  Classes  of  Free  Balloon  Systems 


Flight  Stage 

Class 

Ascent 

Float* 

(Slack) 

Float 

(Full) 

Controlled 

Descent 

Terminal 

Descent 

Landing 

Zero-Pressure 

Yes 

Yes 

Yes 

Yes 

Yes 

Super pres sure 

(1) 

N/A 

N/A 

Yes 

Yes 

Air-Ballast 

Yes 

(2) 

Yes 

(2) 

Yes 

Yes 

♦Slack  deployment  is  the  normal  condition  at  night  except  with  the  superpressure 
system^  and  some  air-ballast  systems. 

1 Unlike  the  others,  this  class  experiences  only  initial  ascent. 

2 These  are  possible  depending  on  the  type  of  air-ballast  system. 


Table  2.  Flight  Stages  in  Relation  to  Needs  for  Control  Functions 


Flight  Stage 

Passive 

(Natural) 

Active 

Initiate 

Sustain 

Ascent 

Yes(l) 

Add  lift  or  reduce 
weight 

(3) 

Float  (slack) 

If  ascending  reduce 
lift  or  add  weight. 

If  descending  add 
lift  or  reduce  v'eight 

Alter  lift  or 
weight  as 
appropriate 

Float  (full) 

Yes 

Add  lift  or  reduce 
weight 

Descent 

(Controlled) 

Yes(2) 

Reduce  lift  or  add 
weight 

Terminal  Descent 

Separate  payload 

landing 

Yes 

1.  For  ascents  other  than  initial  or  those  induced  by  sunrises,  action  is 
required. 

2.  Although,  strictly  speaking,  descent  resulting  from  natural  phenomena 
(not  leaking)  is  not  controlled,  it  is  included  here  because  it  is  controllable 
at  the  will  of  the  user,  subject  to  capability  limitations. 

3.  Thermodynamic  effects  may  require  further  additional  lift  or  reduced 
weight. 
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Thus  far,  we  have  viewed  the  profile  only  in  the  narrow  vertical  sense  of  a 
time-altitude  relationship.  Limited  as  it  may  be,  it  has  a horizontal  dimension, 
a dimension  that  has  long  been  recognized  as  crucial  to  certain  capabilities.  Two 
particular  types  of  flights  have  made  use  of  this,  boomerang  flights  and  tnose 
with  flight  target  requirements  such  as  PEPP  and  Voyager,  classified  as  precision 
balloon  flights.  Such  horizontal  control  is  based  on  two  factors,  one  passive  and 
one  active.  The  passive  factor  is  knowledge  of  the  actual  and  probable  local 
climatology  and  the  active  is  control  of  the  time-altitude  profile  thereby  enabling 
use  of  the  existing  wind  field  variations  to  effect  the  desired  space-time  profile. 

The  ability  to  achieve  a total  profile  is  thus  contingent  upon  our  ability  to  alter 
the  weight  and  lift  of  the  system. 

1.3  Payload  Subsystems 

For  the  free  balloon  system  viewed  as  a carrier.  Figure  2 shows  those  pay- 
load  subsystems  that  are  necessary  and  sufficient  for  the  required  flight  functions. 
The  interactions  of  the  various  susbystems  are  shown  schematically  by  the  arrows 
defining  the  directions  of  information  flow. 

Two  of  the  subsystem's  functions  may  not  be  totally  tinders tandable  from  their 
names.  COMPENSATION  and  VERTICA  L CONTROL. 

The  latter  subsystem,  VERTICAL  CONTROL,  is  comprised  of  those  compo- 
nents which  are  positively  or  conditionally  actuated  to  effect  a change,  a rate  of 
change  or  the  stabilization  of  balloon  system  altitude.  This  is  the  subsystem  used 
for  the  active  flight  stages.  Most  of  us  are  reasonably  familiar  with  the  usual 
control  processes;  solid  ballast  in  the  form  of  a steel  <h.st  (or  fine  lead  or  glass 
beads),  dispensed  by  a magnetic  or  mechanical  metering  device,  and  lifting  gas 
valving,  using  an  electrically  operated  valve  mounted  in  the  balloon  apex  fitting. 
However,  many  users  may  not  be  aware  of  such  devices  as  the  canopy  and  the 
shroud,  investigated  by  the  University  of  Minnesota  (1955),  which  are  conditionally 
effective  (based  on  atmospheric  conditions)  in  reducing  the  requirement  for  ballast. 
Step  flight  functions  have  been  achieved  using  the  "boomerang  duct",  while  con- 
trolled irreversible  descent  is  possible  using  either  a trap  door  valve*  or  a 
quick  descent  duct**. 

The  concept  of  a COMPENSATION  subsystem  is  new,  not  in  function,  but  in 
distinction.  This  subsystem  is  in  part  active  and  in  part  passive,  but  wholly 
Intended  to  isolate  the  payload  from  or  compensate  for  disturbances  caused  by 
the  presence  of  the  balloon  system.  Some  familiar  examples  include: 

*A  device  used  in  the  early  Ash  Can  Program. 

**A  promising  technique  under  development  to  bring  the  system  quickly  down 
to  an  altitude  more  favorable  for  in-line  parachute  deployment. 
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reel  down  (active)  to  isolate  the  payload  from  the  balloon's  thermal  environment; 
shielding  (passive)  to  eliminate  electromagnetic  interference  with  the  project 
payload  or  rotation  (passive  or  active)  to  compensate  for  balloon  system  rotation. 
COMPENSATION,  then,  is  the  subsystem  that  ensures  the  project  payload  will  not 
significantly  sense  the  presence  of  the  balloon  3ystem. 

Two  additional  points  should  be  noted  with  respect  to  their  relevance  to  the 
COMPENSATION  subsystem.  First,  interest  in  the  measurement  of  gradients 
below  balloon  systems  is  being  reflected  in  present  plans  to  develop  a reversible 
reel.  Second,  due  to  the  direct  relationship  between  project  payload  experiments 
and  pointing  accuracy  requirements,  responsibility  for  advanced  pointing  controls 
has  been  inherited  by  the  project  payload  engineers. 

Having  moved  from  flight  profiles  through  flight  stages  to  payload  subsystems, 
comment  on  their  contribution  to  capability  is  now  mandatory.  From  Figure  2 
and  from  the  foregoing  discussion,  the  COMPENSATION  and  VERTICAL  CONTROL 
subsystems  are  clearly  related  to  capability,  the  latter  being  of  a somewhat  higher 
order  in  that  there  are  numerous  possible  project  payloads  for  which  a COMPENSA- 
TION subsystem  is  totally  unnecessary. 

The  RECOVERY  subsystem,  consisting  (basically)  of  the  payload  release 
mechanism,  an  aerodynam'c  decelerator/ stabilizer  and  a landing  shock  absorbing 
system,  has  traditionally  utilized  parachute  technology  developed  for  either  men 
or  cargo.  The  relatively  uncomplicated  needs  and  the  demand  for  low  cost  have 
long  been  met  by  the  standard  capability  range  of  flat  circular  canopy  parachutes 
which,  for  recovery  loads  up  to  1500  pounds,  appear  to  be  eminently  efficient. 
Beyond  this  range  the  ring  sail  parachutes,  developed  for  the  manned  space  pro- 
grams, offer  improved  efficiency,  but  at  a substantial  increase  in  cost  and  wiih  a 
weight  savings  in  the  order  of  only  3 per  cent  of  the  suspended  payload.  The  RSR 
parachute,  reported  on  at  the  last  AFCRL  balloon  symposiupn,  Corbalis  (1973), 
appears  to  have  an  intermediate  efficiency.  However,  unresolved  problems  still 
confront  us  in  this  area.  More  urgent  perhaps  than  the  heavy  payload  recovery 
requirement  is  development  of  the  ability  to  reliably  deploy  parachute  systems  at 
stratopause  altitudes.  Up  camera  movies  of  parachute  deployment  at  170,  000  feet 
dramatical!’'  underscore  this  need. 

The  power  subsystem  supplies  the  needed  power  to  all  but  the  backup  safety 
system  and  with  modern  electronics  it  is  not  a significant  factor  in  limiting  flight 
duration  or  control. 

The  safety  subsystem  requirement,  except  in  so  far  as  it  relates  to  protection 
of  the  project  payload,  is  extrinslcally  imposed  and  thus  indirectly  related  to 
capability. 

The  rigging  is  generally  considered  to  be  an  engineering  problem.  Except  for 
thermal  considerations,  rigging  is  probably  the  least  restricted  p.spect  of  system 
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■*  Includes  independent  power  source 
**  Includes  thermal  packaging 

♦ Power  source  services  all  subsystems  except  back-up  safety 
Figure  2.  Diagram  of  Essential  Free  Balloon  Subsystems  Showing  Interactions 


design  as  evidenced  by  the  wide  v.iriety  of  configurations  flown  to  date.  A con- 
siderable amount  of  study  has  oeen  undertaken  on  the  thermal  packaging  of  balloon 
payload  subsystems  and  project  payloads.  Probably  the  best  known  works  are 
Piacentini  (1965),  Kreith  (1970)  and  Carlson  (1973a,  b) 

The  remaining  subsystems  (sensors  and  encoder,  locating  or  tracking,  com- 
mand and  control,  and  telemetry)  constitute  the  intelligence  processing  portion  of 
the  payload.  These  subsystems  control  the  flow  of  preprogrammed  instruction^ 
within  themselves  and  the  other  subsystems.  Further  they  provide  the  sensing- 
feedback  loop  and  enable  command  instruction  processing  essential  to  maneuvering 
the  system  through  a prescribed  profile. 

Current  tracking  capabilities  are  covered  by  Laping  (1974)  in  his  paper  on  the 
VOR  system.  The  complex  relationships  between  control  and  the  intelligence 
processing  paylcad  subsystems  warrant  an  independent, detailed  presentation, 
ideally  in  conjunction  with  the  results  of  the  present  AFCRL  study  of  ballast- 
duration  relationships  and  detailed  analyses  of  ascent  and  descent  rate  control. 
Particularly  with  respect  to  the  sensors  and  their  accuracies,  the  establishment 
of  requirement  trends  is  vital. 

It  is  recognized  that  in  the  real  world  there  is  often  no  clear  separation 
between  the  balloon  system  as  the  "car  rier"  and  the  project  payload  as  the  "cargo". 
However,  breaking  down  the  total  suspended  payload  into  the  project  payload  and 
a fixed  number  of  subsystems  does  (at  least  in  theory)  offer  advantages,  Asi 
from  clarifying  the  necessary  susbystem  interactions,  it  also  suggests  possible 
limits  with  respect  to  the  required  number  of  sensors,  command  and  telemetry 
channels,  programmable  functions  and  controls  in  general.  Obviously  the  neej  for 
power  and  programmable  functions,  at  a minimum,  will  be  a function  of  flight 
duration.  An  analysis  along  these  suggested  lines  could  provide  a useful  tool  for 
those  involved  in  the  planning  of  very  high  altitude  and/or  long  duration  flight 
programs.  Further,  the  potential  with  respect  to  both  flexibility  and  improvement 
of  reliability  (due  to  minimized  interaction  between  the  system  and  the  project 
payload)  deserves  some  consideration. 


2.  CAPABILITY  IN-THE-LARGE  FOR  ZERO-PRESSURE  BALLOON  SYSTEMS 

Capability  has  been  defined  in  a moderately  restrictive  way  with  respect  to 
the  balloon  system  as  a project  payload  carrier,  and  free  balloon  flight  profiles 
have  been  analyzed  into  a finite  number  of  exclusive  stages.  Finally,  the  payload 
has  been  analyzed  into  those  subsystems  needed  to  ensure  the  ability  to  accomplish 
these  stages.  What  remains  (in  part)  is  to  rigorously  define  capability  in-the-large 
and  to  show  that  it  is  representable  by  a quantifiable,  historically  significant 
macro  variable. 
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Viewed  as  a carrier,  the  free  balloon  system  must  be  able  to  provide  for  the 
user's  payload  an  adequate  flight  time  at  a prescribed  altitude  (or  altitudes)  including 
required  altitude  steps  to  alter  the  horizontal  trajectory.  These  are  the  require- 
ments that  must  be  specified  to  permit  the  balloon  system  itself  to  be  specified. 
Consequently  they  relate  to  what  are  here  termed  primary  capability  components 
(DURATION,  ALTITUDE,  MANEUVERABILITY  and  PAYLOAD**).  Equally  im- 
portant  in  many  cases  is  the  COMPENSATION  capability  which  is  here  designated 
as  the  secondary  capability  component,  but  only  because  it  is  at  times  unnecessary. 
One  can  easily  conceive  of  a project  payload,  the  intended  function  of  which  is 
totally  insensitive  to  normal  balloon  system  induced  disturbances  (as  they  are 
known  and  understood). 

The  capability  definition  viewed  in  this  light  reveals  payload  and  altitude***  as 
the  only  directly  quantifiable  components.  The  preceding  treatment  of  flight  pro- 
files clearly  indicates  that  both  duration  and  maneuverability  (profile  change)  are 
dependent  upon  ihe  ability  to  alter  system  weight  and  lift.  Reductions  in  lift 
(except  when  the  instantaneous  system  free  lift  is  excessive)  require  compensating 
reductions  in  system  gross  weight  for  re3tabilization.  The  result  of  each 
maneuver  (including  counteraction  of  sunset)  can  thus  be  numerically  stated  as  a 
change  in  system  gross  weight  as  follows : 

(Wg>nM1-dn)<Wg)n-l  <» 


where  is  the  system  gross  weight 

d is  system  gross  weight  reduction  expressed  as  a fraction  of  the  prior 
gross  weight 

if  the  flight  profile  requires  N distinct  actions  to  be  effected  by  reductions  in 
the  system  gross  weight,  the  gross  weight  after  the  Nth  action  will  be: 

Wg>N  - WgN)  Sj  “-V  (2) 


Since  the  final  gross  weight  is  equal  to  the  sum  of  the  balloon  weight,  W^,  and 
irreducible  payload  weight,  then: 


"Vn 


w*  + 

p 


(3) 


**  The  irreducible  payload,  W*. 

***  Altitude  is  specified  in  terms  of  the  corresponding  specific  lift  of  the  inflatant, 
assumed  throughout  to  be  helium. 
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and  it  follows  that: 


<Vo  =(V+Wb>  jfj  (1*di>  1 


(4) 


Subtracting  the  balloon  weight  from  each  side,  the  total  suspended  payload,  V. f 
is  fcund  to  be: 


N . 

w„  = -w.  +fw*+w.)  n a-d.)'1 

P up  b i=i  1 


(5) 


If  we  now  define  the  variable,  X,  such  that: 


x"  ■ Wp/b 


(6) 


where  the  parameter,  b,  is  the  specific  lift  of  the  inflatant  at  float  altitude  for 
the  full  balloon  with  the  initial  gross  load,  and  if  we  now  divide  both  sides  of 
Eq.  (5)  by  the  parameter,  b,  we  obtain: 


, -W.  W’  + Wh 

X3  3 £ + — E— k_ 

A b N 

b n (1-d.) 

1=1  1 


(7) 


Now  by  collecting  the  terms  containing  the  parameter,  Wb,  we  have: 

w*  + wh[i  - n (i-d,)l 
>3  . P b L 1=1  iJ 


N 

b n (l-d.) 

i=l  1 


(8) 


Thus  it  is  clear  that  the  ability  to  carry  a payload,  Wp,  to  an  altitude  implied 
by  a specific  lift,  b,  is  directly  related  to  the  comprenenslve  primary  capability 
of  a aero -pres  sure  free  balloon  system  considered  as  a carrier  for  a project 
payload.  In  addition  to  numerically  describing  capability  In  terms  of  the  expres- 

3 

sion,  X , Eq.  (8)  shows  that  this  measure  is,  as  could  have  been  expected, 
sensitive  to  technological  Improvements  as  reflected  in  the  actual  balloon  weight. 

The  variable,  X , increases  with  both  increasing  payload  and  increasing 
altitude.  It  was  first  recognized  as  a reasonable  indicator  of  capability  in  an 
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earlier  effort  in  technology  forecasting*,  Dwyer  (1972).  This  variable,  or  rather 
its  cube  root,  X,  is  now  recommended  as  a macrovariable  well  suited  for  the 
analysis  of  capability  in-the-large  for  zero-pressure  free  balloon  systems. 
Selection  of  the  letter,  X,  follows  prior  use  by  Smalley  (1963)  to  describe  the 
function  fWp/b)1/3. 


3.  HISTORIC  XL  CAPXBILITV  TREND 

The  intuitively  obvious  capability,  the  ability  to  fly  at  higher  altitudes  with 
heavier  payloads,  has  been  meaningfully  and  quantitatively  expressed  by  the 
variable,  X.  The  variable,  X,  has  been  shown  to  be  truly  macroscopic  in  that  it 
encompasses  measures  of  capability  as  related  to  the  balloon  "carrier"  concept, 
and  in  that  it  reflects  aspects  of  the  entire  technology  base,  as  reflected  in  the 
size  and  weight  cr  the  balloon  itself. 

This  macrovariable  must  now  be  shown  to  possess  the  attribute,  IMPROV- 
ABILITY,  based  on  its  ability  to  grow  as  the  technology  base  expands.  In  other 
words  it  must  show  significant  historical  growth. 

The  tendency  for  growth  to  occur  exponentially,  and  the  ease  of  computing 

3 3 

X , rather  than  X,  resulted  in  Figure  3,  a semi-logarithmic  plot  of  X for  poly- 

3 

ethylene  balloons  for  the  time  period  3ince  1950.  The  maximum  value  of  X is 
plotted  for  each  year  in  which  there  was  an  improvement  over  the  prior  year. 
Where  there  was  no  new  maximum,  but  where  there  waa  a value  reasonably 
representative  of  the  trend  of  the  maximums,  such  value  is  plotted.  From  the 
plot  we  see  that  some  years  failed  either  criterion  and  some  years  satisfied 
both.  Considering  just  the  envelope,  two  inescapable  conclusions  can  be  drawn: 
first,  there  is  a definite  historical  tendency  toward  improved  capability  and 
second,  the  capability  growth  rate  is  diminishing. 

Figure  4,  a similar  plot  for  balloons  made  from  polyester  film  reinforced 
with  a grid  of  dacron  fibers''*,  is  much  less  convincing,  but  not  contrary  to  the 
X-thesis.  Not  evident  from  this  curve  alone  is  the  fact  that  its  present  capability 
growth  rate  is  exceeded  by  that  of  polyethylene  balloons.  Actually,  only  one  point 
has  coordinates  placing  it  significantly  outside  of  the  Figure  3 envelope. 


‘Since  XJ  does  not  distinguish  between  light  payload-high  altitude  and  heavy 
payload-lower  altitude  capabilities,  the  existence  of  two  nearly  parallel  trends 
was  postulated.  Although  this  distinction  may  have  been  subconsciously  created 
by  the  then  popular  capabilility  distinction,  it  is  not  yet  rejected  and  warrants 
Investigation  as  part  of  a broad  general  analysis  of  the  capability  trend. 

**  Film  thicknesses  and  grid  reinforcements  are  not  necessarily  similar  in 
this  plot. 
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. The  source  of  the  data  used  to  compute  the  plotted  values  of  A.  (Figure  3 and 
Figure  4)  was  the  AFCRL  balloon  branched1  library,  containing  information  from 
nearly  every  organization  active  in  the  technology.  * The  data  points  are 
representative  of  all  types  of  flights,  research,  development  and  operations.  The 
macrovariable  is  thus  reasonably  established  as  a quantifiable  historically  sig- 
nificant measure  of  capability  in-the-large. 


4.  CAPABILITY  TREND  SIGNIFICANCE 

It  is  unfortunate,  but  trends  are  not  self  explanatory.  They  do,  however, 
offer  significantly  more  information  than  a random  collection  of  facts.  Although 
they  cannot  precisely  indicate  tomorrow's  capability,  they  do  provide  the  planner 
with  the  knowledge  of  the  probable  range  of  capabilities  in  the  absence  of  dramatic 
changes  in  the  technology. 

'I 

By  measuring  capability  in-the-large,  we  maximize  our  confidence  in  the 
accuracy  of  the  trend,  for  it  is  an  underlying  assumption  that  macrovariable3 
(A  in  our  case)  change  relatively  smoothly,  continuously  and  slowly,  without 
violent  fluctuations.  According  to  Ayers  (1969),  this  is  due  in  part  to  the  contri- 
bution of  a significcntly  great  quantity  of  independent  parameters;  stability  thus 
being  related  to  the  operation  of  the  "law  of  large  numbers". 

In  the  sense  that  the  action  of  observing  influences  the  observed  action,  it 
is  eminently  probable  that  trend  recognition  will  be  perceptibly  reflected  in  the 
subsequent  trend.  I believe  this  to  be  particularly  true  in  the  later  phases  of 
technological  development.  This  hypothesis  will  be  seen  to  be  particularly  relevant 
to  zero-pressure  balloon  technology. 

Before  examining  the  zero -pressure  balloon  capability  trend  in  detail,  a 
comparison  of  two  very  common  capability  trends  is  appropriate.  Figure  5 is  a 
graphic  comparison  of  exponential  growth  and  limited  growth.  The  mathematical 
representation  of  the  S-shaped  or  sigmoid  curve  implies  an  asymptotic  limit, 
which  may  or  may  not  be  absolute.  For  example,  if  performance  (capability) 
were  measured  in  terms  of  efficiency,  then  there  would  be  a limit  of  one  hundred 
percent,  an  absolute.  In  general,  and  particularly  so  in  the  present  context,  this 
limit  should  be  regarded  in  the  street  sense  of  "where  you'll  (probably)  end  up  if 
you  don't  mend  your  ways".  , 

Exponential  growth  is  assumed  to  be  familiar  territory  to  those1  involved  in 
balloc- 'jig.  Further,  the  data  presented  in  Figures  3 and  4 definitely  do  not 
follow  an  exponential  trend,  although  the  semi-logarithmic  plot  leaves  the  actual 
trend  in  doubt. 

•See  Appendix  A. 
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Figure  5,  Generalized  Comparison  of  Exponential  and  Limited  Growth 
as  Applied  to  Capability  as  a Function  of  Time.  The  figure,  including 
the  metaphorical  phases,  was  suggested  by  Starr  and  Rudman  (1973) 

5.  CAPABILITY  TREND  EYTRAPOI.  ATION 

The  envelope  points  from  Figure  3 were  selected  as  adequately  defining  a 
relatively  smooth  timewise  variation  of  X . Both  for  dimensional  simplicity  and 
due  to  prior  use  by  Smalley,  X was  selected  as  the  macrovariable  for  the 
capability  trend  extrapolation.  Because  of  the  eyeball  trend  of  the  data,  and 
because  of  the  common  occurrence  of  sigmotd  patterns  in  the  measurement  of 
technological  growth*,  a regression  analysis  was  used  to  fit  the  data  to  the  follow- 
ing equation.  (Time,  t,  is  the  independent  variable). 

* For  examples  see  Schon  (1967)  or  Martino  (1967). 
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(9) 


Estimating  values  of  the  variable,  LIMIT,  solutions  for  A and  B were  sought  so  as 
to  maximize  the  correlation  coefficient.  * For  a correlation  coefficient  of  0.  998, 
the  obtained  values**  were: 

LIMIT  = 291.78 
A = 4. 403 
B « 0.16027 

The  resulting  curve  is  shown  as  Figure  6. 


Figure  6.  Polyethylene  Balloon  Capability  Trend  Data  With  Best 
Fit  Logistic  Curve 

* Since  estimation  of  an  Initial  value  for  LIMIT  was  most  simple,  and  because 
of  both  the  intended  use  and  high  correlation  coefficient,  further  approaches  were 
obviated. 

**  The  fact  that  B differs  from  1/(2*)  by  less  than  one  percent  is  intriguing, 
but  beyond  the  scope  of  this  analysis. 
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Since  a model  such  as  Eq.  (9)  is  developed  solely  to  provide  a mathematically 
sound  basis  for  extrapolation  and  not  to  clarify  the  dynamics  of  the  contributing 
parameters,  no  effort  was  made  to  extrapolate  the  trend  shown  in  Figure  4,  which 
is  based  on  data  both  limited  and  short  term.  It  is  interesting  to  note,  however, 
that  the  trend  of  the  combined  data  (Figure  3 and  Figure  4)  tends  to  a lower  limit. 

Onl’  limited  inferences  should  be  drawn  from  Eq.  (9)  since  it  is  no  more 
than  a mathematical  or  phenomenological  model.  Most  importantly,  the  prior  ad- 
monition about  regarding  the  limit  as  "where  you'll  (probably)  end  up  if  you  don't 
mend  your  ways"  must  be  kept  in  mind. 

Whether  or  not  one  agrees  with  the  previously  suggested  analysis  of  trends 
into  the  four  phases  of  growth  (see  Figure  5),  it  seems  clear  that  the  1950  data, 
upon  which  the  Gopher  program  was  based,  represents  both  historically  and 
graphically  the  end  of  the  conceptual  phase  and  the  beginning  of  the  rapid  growth, 
phase.  Further,  if  X is  an  historically  significant  measure  of  capability  in-the- 
large  as  proposed,  then  polyethylene  zero-pressure  balloon  capability  may 
reasonably  be  considered  as  being  (not  per  se,  but  based  on  contemporary  design 
and  utilization  standards)  well  into  the  maturity  phase.  The  same  may  be  said  of 
the  reinforced  polyester  film  balloons,  but  in  either  case  there  is  no  indication 
that  the  limits  are  absolute  and  every  reason  .o  believe  that  our  existing  design 
and  utilization  standards  are  predominating  capability  constraints. 

Concern  over  the  results  of  the  extrapolation  should  not  obscure  the  fact  that 
what  is  learned  about  the  trend  (particularly  positive  or  negative  response  thereto) 
should  have  a great  tendency  to  be  ultimately  reflected  in  the  trend  itself. 

Table  3 shows  X extrapolated  to  1975  and  analyzed  into  payload  and  altitude 
components  over  the  payload  range  635  pounds  to  20,  000  pounds.  Analysis  over 
the  same  range  is  shown  for  the  limiting  case  where  time  approaches  infinity. 
Using  an  algorithm  (now  considered  to  be  oversimplified,  but  reasonable  within 
limits)  certain  system  features  were  calculated  for  the  1975  capability.  Some 
results  deserve  comment.  First  the  capability  for  the  625-pound  payload  requires 
a balloon  gorelength  in  excess  of  the  length  of  present  manufacturing  facilities  . 
Second,  the  capability  for  the  10,  000  pound  payload  closely  resembles  that  of  the 
large  reefed  polyethylene  balloon  (32  million  cubic  feet;  scheduled  for  modifica- 
tion and  launch  by  AFCRL  in  the  Fall  of  1975.  Finally,  material  thickness  might 
be  reduced  below  present  standards  for  heavy  payload  range  and  increased 
efficiency  should  be  achievable  by  using  sub-loaded  balloon  shapes  for  the  lower 
payload  range. 

With  respect  to  the  mid-range  (2500  to  5000  pounds),  experience  suggests  that 
progress  might  be  the  least  constrained,  but  there  appears  to  be  no  present 
interest.  Based  on  the  fact  that  mid-iange  grows  as  maximum  payload  capability 
increases,  the  data  base  was  examined,  but  allowed  no  Indication  that  the  X trend 
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Table  3.  Capability  Variable  Resolved 
Into  Payload  and  Altitude  Components 
for  Years  1975  and  Infinity 


Table  4.  Annual  Percentage  In- 
crease in  Payload  Capability  Based 
on  Trend  with  1975  as  Base  Year 


Payload 

Altitude  in  Feet 

1975 

Infinity 

625 

179, 100 

}85,  500 

1,  250 

160,  500 

166,  500 

2,  500 

143,  400 

148,  900 

5,000 

127,  500 

132,  700 

10,000 

112,  600 

117,  500 

20,  000 

98,  000 

102,  900 

Year 

Payload 

Increase 

(Percent) 

msm 

— 

3.37 

2.98 

2.65 

2.31 

2,03 

was  mid-range  controlled.  This  Impression  again  suggests  the  merit  of  further 
analysis  along  the  lines  of  the  original  dual  capability  trend  concept  (high  altitude 
and  heavy  load). 

Finally  with  regard  to  the  extrapolation.  Table  4 shows  that  for  any  given 
altitude-payload  capability,  existing  in  1975  and  satisfying  the  extrapolated 
capability,  if  the  trend  continues  and  is  not  intentionally  altered,  the  payload 
capability  at  the  respective  altitude  will  increase  from  ye.»r  to  year  by  the  per- 
cent indicated.  In  the  limiting  case,  the  payload  will  have  increased  by  only  about 
26  percent  over  the  1975  payload. 


6.  CAPABILITY  GROWTH  CONTROL 

There  are  two  factors  that  will  dominate  any  effort  to  Influence  capability 
growth:  identification  of  technological  barriers  * and  recognition  of  the  most 
promising  avenuoa  for  innovation.  Low  (1961)  has  addressed  the  former  both 
practically  and  philosophically,  offering  many  valuable  insights,  and  Ayers  (1969) 
has  pointed  out  a cataloging  method**  which  is  applicable  to  the  recognition  of 
opportunities  for  innovation.  Both  of  these  factors  will  be  treated,  but  only  the 
latter  in  detail. 


* The  importance  of  trend  extrapolation  with  respect  to  barrier  identification 
was  demonstrated  with  respect  to  present  balloon  gore  length  limitations. 

**  A technique  labeled  the  "morphological  method"  by  its  progenitor.  Frits 
Zwlcky. 
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6.1  Barriers  lo  Capability  Growth 

Aside  from  technological  constraints  that  may  be  Inherent  in  the  balloon 
structure  itself,  there  are  other  obvious  .ngineering  barriers  that  arise  in  the 
direct  support  areas.  While  the  latter  may  not  dominate  capability  growth,  they 
nevertheless  impede  either  capability  itself  or  the  free  exercise  thereof.  Most 
important  in  this  class  of  barriers  are  launch  techniques.  Even  the  very  promising 
"reefed  balloon  launch"  will  have  limits  and  will  impose  a balloon  weight  penalty 
in  the  order  of  100  pounds  for  the  lengthy  (gorelength)  high  altitude  balloons.  This, 
for  any  number  of  users,  w.ll  be  a totally  unacceptable  weight  penalty. 

The  barriers  to  zero-pressure  balloon  capability  growth  warrant  a thorough 
classification  and  tabulation,  and  a philosophical  approach  may  prove  to  be 
essential.  Distinction  is  required  between  those  barriers  that  can  be  solved  by 
money  only  (production  plant  enlargement  to  provide  increased  gorelength)  and 
those  that  require  significant  effort  with  only  a probability  or  oinplct'*  "uccess 
(predicting  ballast  requirements  for  duration  flights  under  statistically  varying 
conditions).  In  addition,  a reasonably  complete  study  or  barriers  must  consider 
such  other  facets  as:  expected  time  of  encounter,  cost  to  eliminate,  time  to 
eliminate,  and  numerous  others. 

6.2  Opportunities  for  lnno\alioa 

Before  we  consider  Zwicky's  technique  and  how  it  can  apply  to  our  problem 
of  capability  growth  control,  let  us  examine  at  least  one  possible  representation 
of  the  capability  trend  in  terms  of  historical  balloon  structural  designs,  for  it  is 
structural  design  characterization  that  we  will  use  to  demonstrate  this  technique. 
Figure  7 is  a hypothetical  capability  trend  depicting  the  envelope  of  hypothetical 
capabilities  for  various  actual  balloon  structural  designs.  It  shows  how  we  might 
expect  to  see  A3  increase  not  only  with  time,  but  also  with  Improved  and  more 
efficient  balloon  design.  The  design  approaches  represented  by  their  several  trends 
are  in  historical  order  and  there  is  no  disputing  the  fact  that  each  did  provide  both 
theoretical  and  actual  capability  growth.  This  is  only  one  of  the  many  possible 
parametric  analyses  of  the  capability  trend.  It  is  important  to  remember  that 
although  this  example  is  both  hypothetical  and  idealized,  the  method  can  yield 
great  insights. 

What  Zwicky's  technique  offers  is  more  than  a cataloging  procedure  that 
enables  us  to  characterize  actual  and  potential  systems  uarametrically.  It  is  a 
method  for  evaluating  mathematically  the  opportunities  (and  to  some  extent  the 
probabilities)  for  breakthroughs  in  the  respective  technology.  The  steps  in  im- 
plementing this  technique  require:  1)  precise  statement  of  the  problem  to  be 
solved,  2)  a characterization  of  the  system  by  enumeration  of  pertinent 
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Figure  7.  Hypothetical  Capability  Trend  and  Analysis  of  Macrovariable,  X , 
Based  on  Actual  Balloon  Load  Bearing  Structural  Components 


parameters,  3)  analysis  of  parameters  into  their  distinguishable  states,  and 
filially  4)  definition  of  an  evaluation  procedure  compatible  with  the  objective  of  the 
analysis.  Exhaustion  of  the  possible  parameters  or  states  is  never  a certainty  and 
procedure  definition  (step  4)  is  no  slmpie  challenge.  The  method  will  be  partially 
exemplified  in  section  6. 3. 

An  obvious  inference  to  be  drawn  from  this  method  is:  if  the  growth  rate  of 
capability  is  proportional  to  the  remaining  opportunities  for  innovation,  and  if  the 
known  parameters  and  their  known  distinctive  states  are  completely  enumerated, 
then  the  capability  trend  will  be  a sigmoid  type  curve  tending  to  a limit.  In  this 
regard,  the  Immediate  consequence  of  the  discovery  of  new  parameters  and  new 
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states  (either  or  both)  is  the  creation  of  new  capability  limits  and  a potential  up  • 
swing  in  the  capability  trend.  These  hypotheses  have  important  implications  for 
zero-pressure  balloon  technology.  The  general  impact  on  a capability  trend  is 
schematically  depicted  in  Figure  8. 


Figure  8.  Hypothesized  Impact  of  New  Opportunities 
for  Innovation  Upon  Csneralized  Sigmoid  Capability  Trend 


For  zero-pressure  balloon  systems,  we  have  seer  that  the  extrapolated 
capability  trend  indicates  a consolidated  and  maturing  technology.  We  have  also 
seen  that  the  absolute  validity  of  such  a judgment  is  predicated  upon  having 
completely  enumerated  opportunities  (for  innovation)  within  the  technology. 
Further  it  has  been  proposed  that  the  relationship  between  opportunity  and 
capability  growth  suggests  that  a positive  change  in  the  trend  will  result  from  an 
increase  In  the  parametric  states  reasonably  suited  for  productive  exploitation. 

It  Is  further  indicated  by  the  trend  and  by  the  knowledge  of  the  gener  ' . . „iorical 
use  of  the  known  parametric  states  that  the  zero-pressure  balloon  techi.  'logy 
has  been  progressing  as  if  the  opportunities  for  innovation  were  completely 
defined,  when,  in  fact,  they  are  not.  Positive  action  to  alter  the  capability  trend 
is  thus  seen  to  be  a productive  venture. 

6.3  Panjeelric  Uharacterizalion  Exemplified 

Table  5 is  the  author's  limited  attempt  to  parametrically  characterize 
potential  and  actual  zero-pressure  balloon  design  configurations  in  relation  to 
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Table  5.  Parametric  Characterization  of  2ero  Pressure  Balloon  Configurations 
(Actual  and  Potential)  with  Regard  to  Payload  C -pability  Component 


Type  (Single  Cell,  Tandem) 

1 R 

Film  (Poly  , Mylar  , Polyester,  Nylon,  B 100,  Others) 

2 

Gore  Pattern  (Rectangular,  Semi -tailored,  Tapered-tangents,  Fully  Tailored  , 
Others) 

Shape  (Sphere,  Tetroon,  Sphere-cone,  Natural,  Others) 

Shell  Reinforcement  (Cap,  Others) 

3 

Principal  Load  Bearing  Element  (Gore  , Load  Tape,  Scrim,  "SVT",  Others) 

Tap*  Attachment  (Adhesive,  Heat  Sealed,  Others) 

Tape  Location  (Seams,  Gore  Center  Line,  Both) 

Tape  Fiber  (Glass,  Nylon,  Fortisan-36,  Fortisan,  Polyester,  Kevlar,  Others) 

MD  Scrim  Fiber  (Dacron,  Polyester,  Kevlar,  Nylon,  Others) 

TD  Scrim  Fiber  (Dacron,  Polyester,  Kevlar,  Nylon,  Others) 

Scrim  Pattern  (Rectangular,  Triangular,  Tailored,  Lateral,  Meridional,  Random, 
Others) 

Apex  Deployment' Control  (Vista  Dome,  Vista  Cone,  Others) 

Excess  Material  Control  (Sleeve.  Clutch,  Others) 

Pressure  Relief  Appendix  (Open  Base,  Attached  Duct,  Horsetail  Duct,  Others) 
Base  Fitting  (Spool,  Wedge  Collar,  Others ) 

Apex  Fitting  (Banded,  Plale-Hoop-Ring,  Others) 

Launch  Method  (Dynamic  method  1,  2, n.  Static  method  1,  2, m) 

Subdivided  into  X-124,  StratofilmR,  DFD5500,  Others. 

2 

Base  needs  excess  width  for  assembly. 

3 

Cylinder  and  tailored  tapeless  balloons  have  no  reinforcement. 
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parameters  affecting  load  carrying  ability.  If  the  list  of  the  distinguishable 
states*  of  each  parameter  is  exhaustive  and  the  enumeration  of  parameters  is  also 
complete,  a tabulation  of  every  possible  design  can  be  made.  Each  design  will 
consist  of  a combination  of  every  parameter,  each  in  one  of  its  states.  Thus  if 
we  have  M parameters  each  with  N distinguishable  states  there  will  be  N*’*  possible 
designs.  In  reality,  the  selection  of  a particular  state  of  one  parameter  may 
preclude  some  state  of  another  parameter.  For  example,  a sphere-cone  shape 
precludes  using  rectangular  gores. 

The  hundreds  of  thousands  of  possible  designs  indicated  by  Table  5 forewarn 
us  of  the  impracticability  of  an  analysis  of  each  and  every  one,  even  after 
eliminating  incompatible  states  as  previously  mentioned.  Among  other  possibilities 
what  Table  5 does  provide  (due  to  the  large  number  of  parameters)  is  an 
'a-la-carte  menu  from  which  the  experienced  designer  may  select  with  gourmet- 
like discretion**.  If  deemed  appropriate,  a formal  evaluation  of  the  number  of 
tried  and  potential  designs  as  well  as  an  evaluation  of  the  probability  of  satis- 
factorily achieving  any  selected  design  can  be  undertaken. 

This  parametric  characterization  is  likewise  applicable  to  other  factors  and 
systems  related  to  the  capability  trend.  For  these,  also,  evaluation  procedures 
must  be  established  to  enable  capability  (or  performance)  predictions  and  assess- 
ments of  relative  value. 

6.4  Possible  and  4c(ual  Efforts  to  Improve  Capability 

We  have  seen  generally  and  by  example  a method  with  the  potential  to  produce 
improved  capabilities.  Specific  approaches  to  improve  capability  must  now  be 
considered.  Without  analyzing  X into  more  than  the  suspended  payload  (total)  and 
altitude  components,  it  is  clear  that  improved  balloon  jfficiency  will  automatically 
improve  capability  in-the-large.  Clearly  what  is  needed  is  a modern  analogy  to 
the  natural  shape  balloon.  Such  an  analogy  must  be  constrained  to  maximize 
balloon  efficiency  by  establishing  deiigns  based  upon:  (1)  consideration  of  pertinent 
mechanical  properties  of  the  load  bearing  structural  materials,  (2)  critical  use 
environment  parameters,  (3)  critical  deployment  stages  and  (4)  operational  con- 
siderations (ascent  rate,  launch  winds,  elc).  This  ideal  solution  will  pose  further 
problems  with  respect  to  both  parametric  design  characterization  and  establish- 
ment of  evaluation  procedures  related  thereto  (sec  6,2). 

•For  continuous  parameters,  the  states  must  be  meaningful  ranges.  An 
example  for  ballooning  might  be  payload  or  better  yet,  film  thickness,  since 
Important  properties  vary  significantly  with  thickness  (particularly  for  poly- 
ethylene). 

•♦Appendix  B lists  some  patented  inventions  which  could  easily  have  issued 
from  just  such  an  analysis  as  this. 
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In  so  far  as  parameters  are  concerned,  material  deformation,  the  effects 
of  theimai  contraction,  recognition  that  balloon  gores  are  fabricated  from  flat 
sheets,  the  existence  of  circumferential  stress  as  well  as  other  states  and  para- 
meters must  be  acknowledged  and  considered.  Alexander  (1973)  in  analyzing 
balloon  stresses  has  made  positive  recommendations  extremely  pertinent  to 
aspects  of  this  problem,  and  related  studies,  done  at  AFCRL,  have  yet  to  appear 
in  the  literature. 

In  connection  with  the  problem  of  evaluation  procedures,  the  admonition  that 
a candidate  balloon  film  be  "generally  suited  to  balloon  use"  may  hold  a key. 
Considering  the  evaluation  procedure  both  from  this  point  of  view,  and  from  that 
of  a film  problem  superimposed  on  a design  problem,  the  following  is  instructive. 

The  relationship  between  launch  temperature  and  stress  and  tropopause 
temperature  and  film  strength,  investigated  for  polyethylene  film  by  Dwyer  (1965) 
and  Kerr  and  Alexander  (1967),  and  the  existence  and  relevance  of  a temperature- 
critical  strain  rate  relationship,  shown  by  Welsemann  (1972),  are  factors  reason- 
able to  assume  as  pertinent  to  any  new  film.  These  factors  taken  in  context  with 
balloon  length,  balloon  material  deployment,  ascent  rate  and  atmospheric  wind 
shears  will  be  reflected  in  the  ability  (of  any  chosen  film)  to  survive  the  con- 
sequent dynamic  loading  as  it  is  superimposed  on  the  ascent  static  stress  field 
wb  ch  can  now  be  reasonably  approximated,  Alexander  (1973,  1974).  These  factors 
partially  define  the  requirement,  "generally  suited  to  balloon  use"  and  comprise 
a set  of  critical  parameters  which  constitute  the  basis  of  a unified  theory  of 
balloon  ascent  burst.  However  important  this  ascent  stage  might  be,  it  will  never 
be  encountered  by  a film  incapable  of  accommodating  a launch  method  which  is 
compatible  with  the  Intended  payload  or  gross  load.  Likewise,  if  the  film  is  un- 
sulted  for  prolonged  static  loading  (particularly  at  the  warmer  high  altitude 
temperatures),  Ito  ability  to  survive  launch  and  ascent  may  be  meaningless.  In 
brief,  "generally  suited  to  balloon  use"  must  be  understood  to  include  all  stages 
of  flight. 

This  approach  to  maximization  of  zero-pressure  balloon  efficiency  is  only 
one  possible  step  toward  the  improvement  of  capability.  There  are  other  long 
range  and  shorter  range  steps,  ammg  which  are:  1)  comprehensive  analyses  of 
capability  with  respect  to  trends  other  than  time  (e.g.  materials,  load  structures, 
launch  methods,  etc);  2)  study  of  launch  techniques  with  respect  to  their  ad- 
vantages and  disadvantages  (shorter  range  and  related  to  barriers  rather  than 
to  innovation);  3)  study  of  launch  stresses  and  strains  in  balloon  film  and  tapes 
for  a large  variety  of  balloons,  used  over  a period  of  years  (use  a method  such  as 
Alexander's  and  relate  findings  to  flight  performance);  and  4)  analysis  and  test 
flight  of  subloaded  natural  shape  balloons  particularly  in  the  heavy  payload  range 
(an  attempt  to  understand  the  effects  of  sub  load  induced  circumferential  stress 
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in  the  presence  of  heavy  loads  and  to  ascertain  whether  present  polyethylene 
balloon  designs  are  payloadwlse  underrated). 

Fortunately  there  are  existing  or  planned  research  and  development  efforts 
in  a number  oi  the  areas  suggested.  We  are  fortunate  in  this  regard  since  im- 
mediate effort  is  required  to  minimize  the  time  lag  always  present  between  plan- 
ning -nd  accomplishment. 

In  the  materials  field  we  have  had  a prolonged  and  fruitful  cooperative  cffoi ! 
toward  establishing  a specification  for  polyethylene  balloon  film:  soon  to  be  a 
reality.  The  by-products  of  this  lengthy  investigation,  and  I feel  certain  those 
involved  will  agree,  have  overshadowed  and  will  continue  to  overshadow  the 
specification  itself.  The  resultant  increased  understanding  of  the  basic  film  and 
the  implications  with  respect  to  design  and  in-flight  behavior  will  bear  heavily 
on  the  new  materials  and  design  studies  presently  scheduled. 

Design  studies  along  the  line  of  the  suggested  "natural  shape  analogy"  are 
planned  and  will  encompass  both  reinforced  and  unreinforced  films.  The  design 
problem  has  hopefully  been  posed  broadly  enough  to  permit  even  a finding  that 
traditional  reinforc,  .nent  concepts  are  counter-productive,  and  yet  specifically 
enough  to  find  the  best  designs  (within  limits)  for  such  new  composites  as  poly- 
plus. (It  should  be  noted  that  the  AFCRL  approach  to  poly-plus  utilization  has 
been  coordinated  with  others  actively  pursuing  this  promising  new  material).  It 
is  hoped  that  the  findings  of  this  materials  and  design  effort  will  assist  in 
dramatically  focusing  future  searches  for  candidate  balloon  films. 

A specific  effort  with  respect  to  evaluating  tandem  balloon  designs  based  on 
the  interactions  of  material,  environment  and  ascent  deployment  is  underway  at 
AFCRL,  and  it  is  understood  that  the  problem  of  suitable  adhesives  tor  related 
scrim-film  laminates  is  being  studied  by  Princeton  University  under  contract  to 
NASA. 

Should  this  study  of  tandem  balloons  reveal  structural  problems  inherent  in 
the  tandem  concept  (as  is  suspected),  a parallel  effort  in  launching  heavy  loads 
using  a reefed  balloon  will  hopefully  fill  the  gap.  The  early  work  by  Winzen 
Research  Incorporated  (sponsored  by  the  Office  of  Naval  Research)  is  being  pur- 
sued (now  under  AFCRL  sponsorship),  AFCRL  will  fly  three  reefed  balloons  in 
the  next  year,  with  the  final  flight  carrying  a 10,  000  pound  payload  at  110,  000 
feet. 

There  is  one  other  serious  effort  to  increase  zero -pressure  balloon 
capability  tn-the-large  as  we  have  defined  it.  It  consists  of  both  a theoretical 
analysis  of  ballast  demand  and  a statistical  evaluation  of  ballast  consumption. 
Figure  9 shows  preliminary  indication  of  how  maximum  and  minimum  ballast 
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DAILY  BALLAST  REQUIREMENT  TENDENCY 
AS  A PERCENTAGE  OF  GROSS  LOAD 
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Figure  9.  Bella  at  Requirement  Ve.  Permitted  Altitude  Differential 


expenditures  tend  to  vary  as  a function  of  day-night  altitude  differential.  * This 
study  is  the  long  range  approach  to  the  problem  and  will  hopefully  find  great 
application  In  future  (light  systems.  Progress  In  the  shorter  term  can  be  en- 
couraged by  the  scientific  balloon  users  by  their  Insisting  on  larger  ballast 
safety  margins  thereby  forcing  Increases  In  balloon  payload  capacity.  Admittedly 
pushing  the  state  of  the  art  Increases  the  possibility  of  failure,  but  this  Is  so 
whenever  one  operates  beyond  the  realm  of  experience.  However,  as  earlier 
stated,  the  demands  by  the  users  generally  set  the  pace  for  capability  growth. 

7.  RELEVANT  PAYLOAD  AND  CROSS  LOAD  ACCOMPLISHMENTS 

Although  a payload  or  a gross  load  increase  frequently  presents  a challenge, 
and  successful  meeting  of  such  a challenge  Is  often  a notable  accomplishment, 

•Numerical  values  have  been  Intentionally  omitted  from  the  abscissa  scale 
pending  publication  of  the  study  In  a subsequent  report  by  Mr.  O.  Nolan. 
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neither  in  itself  should  be  considered  as  an  increased  capability,  at  least  in  the 
sense  )f  satisfying  a definable  flight  profile  requirement.  There  is  no  doubt,  how- 
ever, '.at  such  increases  are  important  and  represent  either  reduction  or  elimina- 
tion of  barriers"  to  capability  growth,  addition,  gross  load  relates  to  balloon 
apex  pressure,  Dwyer  (1973),  and  is  therefore  a major  design  and  flight  control 
(valving)  consideration.  Payload,  in  addition  to  affecting  the  static  load  bearing 
structure,  frequently  imposes  the  need  for  special  design  considerations  relating 
to  dynamic  launch  forces. 

Figure  10  shows  both  payload  and  gro3s  load  accomplishments  for  polyethylene 
zero-pressure  balloons.  Although  payload  tripled  in  the  ten  year  period  (1954- 
1963),  it  only  doubled  in  the  following  nine  year  period.  Vhile  balloon  weights 
for  the  years  1954,  1959  and  1963  were  about  30  percent  of  the  payload  weights, 
the  balloon  weights  for  the  years  1971  and  1972  are  in  excess  of  50  percent  of  the 
payload  weights.  The  indicated  decrease  in  balloon  efficiency  with  increasing 
payload  is  contrary  to  what  should  be  expected,  but  this  reversal  is  consistent  with 
the  down  trend  of  capability  growth  rate:  a relationship  predictable  from  Eq.  (8) 
which  indicates  the  sensitivity  of  A to  balloon  weight,  W^. 

Figure  11  shows  the  payload  and  gross  load  accomplishments  for  reinforced 
polyester  film  balloons.  Wnat  little  information  there  is  to  be  gained  from  the 


Figure  10.  Polyethylene  Balloon  Payload  and  Grose  Load  Trends 
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YEAR 

Figure  11.  Scrim  Balloon  Payload  and  Gross  Load  Trends 


limited  data  is  significant;  namely,  the  same  tendency  toward  decreasing  balloon 
efficiency  with  increasing  payload  is  evident  (from  just  over  30  percent  in 
1082-1963,  to  just  under  60  percent  for  the  1969  CRISP  balloon  attempt).  Only 
the  absolute  magnitudes  of  the  accomplishments  are  somewhat  greater.  * 

Figure  12,  the  final  graphical  representation  of  payload  and  gross  load 
accomplishments,  compares  actual  and  planned  maximum  loads  for  polyethylene 
balloons  with  actual  and  attempted  maximum  loads  for  the  reinforced  polyester 
film  balloons.  Ignoring  the  cost  - reliability  argument  for  the  use  of  the  latter 
(and  this  is  debatable),  the  advantages  and  potentials  are  no  longer  so  distinctive, 
particularly  should  the  proposed  flight  of  the  reefed  polyethylene  balloon  succeed 
with  the  10,  000  pound  payload. 

It  can  reasonably  be  argued  that  the  reinforced  material  is  being  used  below 
Its  limits  and  that  polyethylene  films  are  being  used  at  or  near  their  ultlmates. 

<6ee  Appendix  A for  data  used  In  Figures  10  and  1 1. 
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Figure  12.  Comparison  of  Maximum  Payload  and  Gross  Load  Experience 
for  Polyethylene  and  Scrim  Balloons 


However,  there  Is  strong  evidence  that  polyethylene  film  balloons  are  underrated 
(a  balloon,  2,  940,  000  cubic  feet  tn  volume,  designed  for  a payload  or  1250  pounds 
has  successfully  carried  a .'1000  pound  payload).  Supporting  the  contention  that  the 
reinforced  films  may  be  being  used  below  their  limits,  is  the  belief  that  the 
observed  maximum  performances  may  be  influenced  by  the  balloon  type  (tandem) 
rather  than  the  film  alone. 
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8.  CONCLUSIONS  AND  RECOMMENDATIONS 


We  have  seen  capability  in-the-large  defined  In  the  sense  of  the  free  balloon 
system  as  a carrier  and  the  project  payload  as  the  cargo.  We  have  touched  on  the 
Importance  of  two  classes  of  free  balloons,  super-pressure  and  air-ballast  and 
Indicated  that  both  are  significant,  though  the  latter  is  still  emerging  from  its 
conceptual  phase.  For  the  third  class  of  free  balloons,  zero-pressure,  we  have 
seen  capability  treated  thoroughly  with  respect  to  system  components  and  flight 
profiles  and  critically  with  respect  to  its  trend.  Where  appropriate,  specific 
problems  and  recommendations  were  noted  regarding  present  and  future  payload 
subsystems. 

A macroscopic  variable,  X,  was  mathematically  defined  and  defended  with 
respect  to  its  historical  significance  as  a measure  of  zero-pressure  balloon 
capability  in-the-large.  Finally,  the  capability  trend,  as  expressed  by  X,  was 
extrapolated  and  interpreted  and,  based  thereon,  recommendations  to  accelerate 
the  capability  growth  were  made  and  related  to  present  and  planned  research  and 
development. 

The  effectiveness  of  this  type  of  overview  will  be  measured  by  the  response 
of  the  R and  O and  manufacturing  members  of  the  scientific  ballooning  community 
and,  possibly  moreso,  by  the  experimenters,  project  officers  and  operations 
managers  who  see  daily  the  requirement  trends.  Their  support  in  clarifying  the 
trends  will  be  the  key  factor  in  the  establishment  of  capability  goals  and  in  deter- 
mining the  relative  emphasis  with  respect  to  high,  low  or  mid-range  load-altitude 
capabilities.  It  is  they  who  must  cooperate  by  documenting  their  requirements  in 
formats  meaningful  and  compatible  with  this  and  other  realistic  measures  of 
capability. 

It  Is  recognized  that  the  preceding  recommendations  for  documenting  require- 
ments and  planning  capability  growth  imply  a rigor  somewhat  different  than  this 
technology  has  heretofore  practiced.  However  the  trend  away  from  the  Montgolfier 
state  of  the  technology  (as  properly  described  by  astronomer  Martin  Schwarcchild 
at  the  1963  AFCRL  balloon  symposium)  must  not  proceed  using  planning  methods 
less  sophisticated  than  the  technology  they  propose  to  advance.  It  is  today's  short 
cut  that  lays  the  foundation  for  tomorrow's  crises. 
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Appendix  A 

Data  <o»  Capability  Treads  and  Payload  and 
Gtoss  Load  Accompli  sluoant  Trands 
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Table  Al.  Polyethylene*Balloon  Data  for  Figure  3 


Year 

Payload 

(lbs) 

Altitude 

(feet) 

X3 

(106  x ft3) 

1950* 

431 

77,  000 

0.157 

1953* 

980 

82,000 

0.453 

1954 

1530 

76,  800 

0.  552 

1957 

444 

104,  700 

0.  600 

1958 

1250 

102,  500 

1.52 

1959* 

1500 

111,  500 

2.81 

3201 

89,  500 

2.12 

4001 

65.  000 

0.811 

1960 

500 

126,  000 

1.83 

1961* 

2000 

118,  700 

5.26 

1963 

4500 

92,  000 

3.35 

1968 

400 

157,900 

5.  73 

1969* 

3800 

125.000 

13.34 

4148 

119,  500 

11.32 

1870 

5135 

117,000 

12.49 

1971 

3940 

126,  500 

14.81 

1270 

141,  800 

9.40 

1972* 

1834 

147,  800 

17.47 

' 

3615 

130,  000 

15.90 

1525 

148,  000 

14.62 

6155 

112,  100 

11.86 

510 

167,  200 

10.39 

1973 

5152 

118,000 

13.11 

Balloon 

Volume 

(106  x ft3) 


0.804 
3. 10 
3.50 
5.  27 
3.20 
1.06 
4.85 
11.85 
5.  02 
28.69 
27.30 
20.8 
20.8 
26.6 
30.5 

46.1 

33.1 
36.36 
19.76 

47.8 

20.8 


* Envelope  points 


Table  A2.  Reinforced  Polyester  Film  Balloon  Data  For  Figure  4 


Year 

Payload 

Altitude 

X3 

( 106  x ft3) 

Balloon 

Volume 

(106  x ft3) 

Reference 

I960 

2034 

59,  600 

0.319 

0.364 

i 

1962 

9100 

80,  000* 

3.82 

5.  25 

2 

4800 

82,  000 

2.22 

3.2 

3 

1966 

3627 

123,  200 

11.74 

26.0 

4 

1970 

8500 

110,  000 

14.82 

27.7 

5 

1972 

5242 

120,  000 

14.64 

34.6 

6 

* Approxim  ite  altitude. 


Plater,  R.  J.  (1961)  Development  of  A Heavy  Load  Carrying  Balloon  Using 
High  Strength  And  Tear  Stopping  Films,  Progress  Report,  Office  of 
Naval  Research  Contract  NONR  2899(00). 

Scientific  Ballooning,  No.  8,  March  1963,  NCAR,  Boulder,  Colorado. 

3AFCRL  Post  Flight  Report  No.  SG-S. 

4AFCRL  Flight  Record  H66-68. 

5AFCRL  Flight  Record  H70-75. 

6AFCRL  Flight  Record  H72-43. 


Table  A3.  Polyethylene  Balloon  Data  for  Figure  10 


Year 

... 

Payload 

(lbs) 

Gross  Load 
(lbs) 

Balloon 

Volume 

(106  x ft3) 

1954 

1530 

2084 

0.804 

1959 

1963 

1 

1971 

1972 

'-:v- 

14545 

6.87 
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Table  A4.  Reinforced  Polyester  Film  Balloon  Data  For  Figure  11 


Year 

Payload 

(lbs) 

Gross  Load 
(lbs) 

Balloon 

Volume 

(106  x ft3) 

Reference 

1960 

2034 

2334 

0.364 

1 

1962 

9100 

12400* 

5.25 

2 

1963 

11000 

14300* 

5.25 

3 

1964 

— 

16000 

5.25 

4 

1969 

13808 

21959 

33.8 

5 

* Based  on  nominal  balloon  weight. 


Plater,  R.J.  (1961)  Development  of  A Heavy  Load  Carrying  Balloon 
Using  High  Strength  and  Tear  Stopping  Films,  Progress  Report,  Office 
of  Naval  Research  Contract  NONR  2899(00). 

Scientific  Ballooning,  No.  8,  March  1963,  NCAR,  Boulder,  Colorado. 

Scientific  Ballooning,  No.  13,  March  1964,  NCAR,  Boulder,  Colorado. 

^Balloon  Notes  from  Schjeldahl,  Vol.  1,  No.  2,  June  1964. 

5AFCRL  Flight  Record  H69-70. 
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Appendix  B 

The  following  patents  are  examples  of  the  predictable  results  of  a parametric 
characterization  of  balloon  structural  design. 

(1)  Balloon  shape:  Variable  volume  balloon  and  method  of  its  manufacture. 
No.  2,  612,  328,  W.  F.  Huch  (13  July  1950  - 30  Sept.  1952). 

(2)  Heat  sealed  load  tapes:  Balloon  having  reinforced  seal.  No.  2,858,090, 
O.C.  Winzen  et  al  (21  Feb.  1955  - 28  Oct.  1958). 

(3)  Tandem  balloon:  Balloon  structure  end  method  of  launching  the  same. 

No.  2,  919,083,  V.  E.  Soumi  et  al  (12  March  1956  - 29  Dec.  1959). 

(4)  Reinforcement  pattern:  Balloon  envelope  structure.  No.  3,369,774, 

A.D.  Struble,  Jr.  (2  Aug.  1961  - 20  Feb.  1968). 
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Abstract 


A model  suitable  for  predicting  the  transient  thermal  behavior  of  balloon 
packages  is  discussed  and  comparisons  with  flight  measurements  are  presented. 
Predictions  for  a typical  around-the -world  package  are  prese  ited  and  the  con- 
figuration and  environmental  factors  that  affect  the  package  thermal  behavior 
are  discussed. 


i.  wpooi  r.no* 

The  success  of  a high  altitude  balloon  package  experiment  frequently  depends 
upon  maintaining  the  scientific  Instruments  in  the  payload  within  certain  specified 
temperature  limits.  Since  the  package  may  be  subjected  to  both  daylight  and 
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darkness,  it  must  be  designed  to  survive  significant  changes  in  its  thermal  environ- 
ment; and,  thus,  thermal  analysis  and  accurate  prediction  of  payload  component 
temperatures  is  an  important  part  of  preflight  planning.  This  is  particularly  true 
with  the  development  of  super-pressure  balloon  technology  and  the  advent  of  long 
duration  flights  since  restrictions  on  package  size,  weight,  etc.  will  require  the 
package  tnermal  protection  systems  on  such  flights  to  be  passive. 

The  purpose  of  this  paper  is  threefold.  First,  it  is  to  discuss  a mathematical 
model  suitable  for  predicting  the  transient  thermal  behavior  of  long  duration 
packages.  Secondly,  it  is  to  present  comparisons  between  predictions  and  flight 
measurements  with  particular  emphasis  on  the  problems  associated  with  night 
flights.  Finally,  it  is  to  present  thermal  predictions  for  a typical  around-the-world 
package  and  to  discuss  the  thermal  sensitivity  of  that  package  to  environmental  and 
configuration  factors. 


2.  PACKAGE  AND  THERMAL  ANALYSIS  MODEL 


In  order  to  efficiently  provide  the  package  designer  with  reliable  and  accurate 
information,  staff  members  of  NSBF  in  conjunction  with  researchers  at  Texas  A&M 
University  have  developed  a mathematical  model  and  computer  program  for  ther- 
mally analyzing  balloon  packages. 1 In 
this  generally  applicable  model,  the 


Figure  1.  The  Equivalent  Area  Sphere 
Model  of  a Balloon  Package 


actual  package  is  represented  by  an 
equivalent  external  surface  area  sphere 
as  shown  on  Figure  1.  Normally,  this 
idealized  package  is  assumed  to  be 
covered  on  the  outside  by  a surface 
coating,  typically  paint  or  tape,  fol- 
lowed by  a layer  of  insulation.  Non- 
Insulated  packages,  however,  can  be 
handled.  Inside,  the  components  are 
divided  Into  two  groups.  Those 
located  near  the  outside  wall,  such  as 
supporting  structure,  and  those  of  low 
heat  capacity  are  groined  together 
under  the  heading  of  internal  components. 
The  remaining  eleirents  are  considered 
to  be  part  of  the  reservoir,  and  it  is  the 
latter  which  normally  contains  the 
scientific  Instruments.  (The  elements 
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near  the  center  are  called  the  reservoir  because  they  i-espond  slowly  to  changes 
and  serve  as  a heat  "reservoir"  for  the  rest  of  the  package.) 

At  any  instant,  all  the  components  in  a group  are  assumed  to  have  the  same 
temperature,  and  no  circumferential  variation  is  considered.  All  tempeiatures  are, 
however,  considered  to  be  functions  of  time.  Also,  the  model  permits  the  dissipa- 
tion of  power,  3uch  as  would  be  generated  by  electronics  and  on-board  heaters,  in 
both  the  internal  and  reservoir  components.  Internally,  the  model  accounts  for 
convection  between  the  components  and  the  inside  air,  radiation  between  components, 
and  conduction  through  the  insulation  and  braces,  if  present.  Externally,  the  heat- 
ing consists  of  forced  and  natural  convection  with  the  atmosphere  and  of  radiative 
transfer.  During  daylight,  the  radiative  heating  to  the  package  is  typically  50  per- 
cent solar,  25  percent  earth  albedo,  20  percent  atmospheric,  and  5 percent  earth 
and  balloon  infrared.  Of  course,  the  solar  flux  and  earth  albedo  are  absent  at 
night. 

The  model  also  includes  changes  due  to  atmospheric  variations  with  altitude, 
changes  in  internal  or  reservoir  power  levels,  sunrise  ahd  sunset,  etc.  For  a 
typical  package,  complete  results  can  be  obtained  in  less  than  two  minutes  on  an 
IBM  360/65  (Watfiv  compiler)  computer.  A complete  discussion  of  the  mathematical 
model  and  compute-  program  is  given  in  Reference  1. 

3.  4PPI.IC. \T10N  *ND  COUP^RI.SON  *ITH  MIGHT  RKSIT.TS 

During  the  past  two  years,  the  model  lias  been  regularly  used  to  analyze  flight 

packages,  and  comparisons  with  flight  measurements  indicate  that  the  model  can 

accurately  predict  daytime  temperature  variations  on  both  large1  and  small 
2 

packages.  In  addition  it  has  been  used  to  study  the  thermal  sensitivity  of  balloon 
packages  to  various  configuration  and  environmental  parameters.  The  results  of 
this  study  have  been  reported  in  References  3 through  5 and  can  be  summarized 
as  follows: 

( 1)  During  daylight,  a high  altitude  balloon  package  is  thermally  very  sensi- 
tive to  such  configuration  factors  as  type  of  external  coating  and  amount  of  internal 
piower  supply  heat  dissipation,  moderately  sensitive  to  the  type  and  thickness  of 
Insulation,  presence  of  external  braces,  and  Interior  pressurization,  and  in- 
sensitive to  the  inside  wall  coating  or  size  of  the  balloon. 

(2)  The  daytime  thermal  behavior  is  very  dependent  upon  such  environmental 
conditions  as  time  of  the  year,  temperature  of  the  package' at  launch,  and  whether 
or  not  the  package  is  exposed  to  sunlight  prior  to  launch. 

Many  packages,  however,  fly  at  night  or  for  twenty-four  hours  or  longer. 
Package  N was  typical  of  such  packages,  being  a cylinder  1.  52  meters  in  diameter 
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and  3.04  meters  in  length.  This  package  was  pressurized,  dissipated  internally 
463  watts,  and  contained  about  20  components  which  were  designed  to  operate  at 
Ufiiperatures  above  freezing.  Originally,  the  package  had  no  external  insulation 
and  was  painted  white.  For  a daytime  flight,  this  configuration  would  probably 
have  been  excellent  since  the  463  watts  internal  power  might  have  created  an  over- 
heating problem  and  white  paint  usually  yields  cool  skin  and  wall  temperatures. 

2 

Almost  all  paints,  however,  have  infrared  emissivities  of  about  0.  9;  and 
thus,  at  night  any  external  painted  surface  will  radiate  away  large  amounts  of  heat 
and  may  cause  excessive  cooling.  To  cneck  this  possibility,  a thermal  analysis 
of  Package  N was  performed.  For  a sunset  launch,  the  results  indicated  that  the 
Inside  wall  would  go  below  freezing  twenty  minutes  after  launch  and  that  the 
reservoir  would  pass  freezing  three  hours  after  launch.  In  fact,  ten  hours  after 
ascent,  the  inside  component  temperatures  were  predicted  to  range  from  -22°C 
to  -36°C.  Obviously,  some  type  of  change  was  indicated. 

Since  the  problem  was  an  excessive  radiative  heat  loss  from  the  external 
skin,  the  solution  was  to  coat  the  package  with  a material  having  a low  infrared 
emissivity.  At  present,  only  three  materials  have  this  property— Al-Mylar  tape 
with  mylar  out  (o  * . 12,  t = 0.  34),  Al-Mylar  tape  with  aluminum  out  (o  * .12, 
e * 0.04),  and  aluminum  foil  (o  = . 15,  t - .04).  An  analysis  for  the  package 
covered  with  aluminum  foil  predicted  reservoir  temperatures  14-23°C  and  inside 
wall  temperatures  of  -3°  to  23°C,  well  within  flight  requirements. 

For  the  actual  flight  the  investigators  decided  to  zebra  strip  the  package  with 
aluminum  foil  and  white  paint,  preheat  it  to  18°C,  and  place  it  on  the  pad  1.  5 hours 
prior  to  launch.  Figure  2 compares  predicted  results  for  this  configuration  with 
the  average  temperatures  measured  in  (light.  Obviously,  even  with  only  about 
50  percent  of  the  surface  coated  with  white  paint  (a  3 .263,  t - .895)  the  cooling 
effect  is  substantial.  Alsu,  the  agreement  with  flight  data  is  excellent  and  in- 
dicates that  the  present  model  can  be  successfully  used  for  night  flight  predictions. 

On  twenty-four  hour  flights,  the  problem  of  large  solar  radiative  input  during 
daylight  is  combined  with  possibly  large  radiative  losses  at  night;  and  usually, 
large  temperature  variations  in  package  components  must  be  expected.  However, 
these  variations  car  be  controlled  through  proper  choice  of  insulation  and  surface 
coating.  This  control  is  demonstrated  on  Figure  3 where  the  effect  due  to  doubling 
the  insulation  and  changing  the  coating  can  be  observed.  For  this  package,  some 
of  the  important  instruments  were  modeled  as  internal  components  and  some  were 
modeled  as  the  reservoir;  and,  thus,  both  areas  were  of  interest.  Notice  the 
large  temperature  changes  associated  with  sunset  and  sunrise  and  the  power  change 
at  sunrise.  Notice  also  that  for  the  thicker  insulation  aluminum-mylar  tape  case 
(mylar  out)  that  the  night  time  temperaturee  arc  significantly  warmer  and  the 


166 


18  20  22  24  2 4 6 
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Figure  2.  Comparison  of  Flight  Measurements  and  Predicted  Temperatures 
for  a Night  Flight 


Figure  3.  The  Effect  of  Insulation  Thickness  and  Surface  Coating  on  Com- 
ponent Temperature 
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daytime  values  are  slightly  cooler  than  the  thin  insulation  case.  Obviously,  the 
thicker  insulation  reduces  the  temperature  gradients,  and  the  aluminum-mylar 
tape  prevents  excessive  cooling  during  the  night. 

Some  night  measurements  for  the  thin  insulation  case  are  also  shown  on 
Figure  3.  It  is  felt  that  the  predictions  agree  quite  well  with  the  data  considering 
the  details  of  the  actual  flight.  At  2330  hours  the  balloon  expe-ienced  an  unplanned 
descent  from  41.  1 km  to  about  37  km,  where  the  ambient  temperature  is  about  5°C 
colder.  At  about  0400  hours  the  package  heaters  failed,  and  the  flight  was  ter- 
minated at  sunrise.  Even  so,  as  can  be  seen,  the  predictions  were  quite  good. 

Many  othei  24 -hour  packages  ranging  in  size  from  1 kg  transducers  to  1000  kg 
gondolas  have  been  analyzed  with  the  present  model.  These  packages  have  ranged 
in  complexity  from  spheres  to  a configuration  that  involved  ten  separate  boxes 
mounted  on  a large  plate.  (In  the  latter  case,  each  box  was  analyzed  separately.) 
In  general,  flight  and  vacuum  chamber  results  have  verified  that  the  present  model 
is  adequate  for  determining  the  thermal  protection  system  of  such  packages. 


4.  THERMAL  BUI  AMOR  OK  AN  ARM  NO  THE  BORED  PACKAGE 

With  the  development  of  super-pressure  mylar  balloons,  long  duration  flights 
which  enable  a package  to  circumnavigate  the  earth  are  now  or  soon  will  be  pos- 
sible. To  give  the  flight  scientist  and  package  designer  an  idea  of  the  temperature 
variations  that  will  be  encountered,  a "typical"  around  the  world  package  was 
analyzed  for  a variety  of  conditions.  The  initial  package  weighed  181.5  kg,  was  a 
0.  92  m cube,  had  35  watts  of  internal  power,  and  a float  altitude  of  39.  6 km. 
Internally,  it  was  assumed  that  the  components  and  structure  near  the  outside 
weighed  90  kg  and  were  80  percent  aluminum  and  20  percent  electronics.  The 
reservoir  was  assumed  to  be  80  percent  electronics  and  20  percent  aluminum 
structure.  Externally,  the  package  had  two  inches  of  dark  blue  foam  insulation 
coated  with  aluminum-mylar  tape. 

For  the  first  calculation,  it  was  assumed  that  the  package  was  pressurized 
and  that  launch  occurred  from  Australia  in  December.  Also,  even  though  they 
would  vary  during  the  flight,  the  earth  albedo  and  temperature  were  assumed 
constant  at  0.  22  and  20°C  respectively.  These  values  are  typical  of  those  en- 
countered over  the  Indian  and  Pacific  Oceans. 

Figure  4 shows  the  first  day  of  the  flight.  Since  December  is  during  the 
•‘.ustralian  summer,  the  initial  temperature  is  quite  high,  26°C,  and  this  results 
in  fairly  warm  temperatures  during  the  first  day.  Notice  that  during  the  first 
day  the  reservoir  is  between  15°C  and  26°C  and  is  warmer  than  the  skin  tempera- 
ture. This  indicates  that  durtng  the  fir  . day  the  heat  flow  is  from  the  inside  to 
the  outside.  Also  notice  that  the  temperstures  are  relatively  constant  after  arrival 
at  float. 
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Figure  4.  The  First  Day  of  an  Around  the  World  Package 


Beginning  with  the  first  night  and  lasting  for  about  four  days,  the  package 
begins  a general  cooling  off  with  the  maximum  temperature  achieved  each  day 
being  less  than  that  reached  the  day  before.  Apparently,  it  takes  several  days 
for  the  effect  of  the  high  initial  temperature  to  disappear.  It  had  previously  been 
noted"*  that  on  short  flights  the  initial  temperature  was  very  important,  but  it  was 
surprising  to  see  the  initial  effect  last  for  several  days. 

After  seven  days,  the  therrru  ' oehavior  takes  on  a pattern  that  is  identically 
repeatea  every  24  hours;  and  this  pattern  is  shown  on  Figure  5.  In  this  cycle, 
the  reservoir  temperature  ranges  from  about  -2°C  to  9°C,  and  at  night  the  heat 
flux  is  from  the  Inside  to  the  outside.  During  the  day,  however,  the  skin  tempera- 
ture is  above  the  inside  and  the  heat  flow  is  from  tne  outside  inward.  The  latter 
is  opposite  of  the  heating  pattern  experienced  by  the  package  during  the  first  day 
of  the  flight.  Also  notice  that  the  internal  and  reservoir  temperatures  are  10°- 
20°C  colder  than  those  predicted  for  the  first  day. 

As  Indicated,  the  earth  albedo  will  vary  as  the  package  travels  around  the 
earth;  and,  consequently,  a subsequent  calculation  including  variable  albedo  was 
conducted.  While  this  variation  did  create  some  small  oscillations  in  the  tempera- 
ture profiles,  the  results  were  never  more  than  2°C  different  from  those  ob- 
tained assuming  constant  albedo.  It  should  be  noted,  however,  that  this  study 
only  included  the  variation  encountered  in  passage  over  land  and  ocean  and  not 
that  due  to  a cloud  cover. 
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Figure  5.  The  F'r'tllbrlum  Pattern  Obtained  by  an  Around  the  World 
Package 


Figure  6 shows  the  daily  temperature  range  experienced  by  the  package  for 
the  situation  where  the  albedo  varies.  For  this  case,  after  about  four  days,  the 
albedo  factor  remains  fairly  constant  around  0.  25.  Thus,  the  equilibrium 
temperatures  are  slightly  higher  than  those  shown  on  Figure  5.  Nevertheless, 
the  basic  pattern  of  a four  day  cooling  period  followed  by  equilibrium  cycles  is 
the  same. 

As  can  be  seen  on  Figure  6,  the  equilibrium  temperatures  inside  the  package 
range  from  abcut  -8°C  to  10°C;  and  for  some  experiments  these  values  may  be  too 
cold.  Figure  7 shows  the  effect  of  doubling  the  thickness  of  Insulation  on  the 
package  while  retaining  the  same  external  coating.  Basically,  this  extra  it  filia- 
tion slows  the  night-time  conduction  of  heat  to  the  outside  and  Increases  the  cool- 
ing period  to  about  5.  5 days.  In  addition,  the  final  inside  temperatures  are 
warmer,  being  0.  5°  to  14.  5°C,  and  the  maximum-minimum  difference  is  smaller. 
Thus,  U appears  that  extra  insulation  can  increase  the  component  temperatures 
4-«°C. 

Another  surface  coating  that  may  be  attractive  for  long  duration  flights  is 
aluminum  foil  or  aluminum-mylar  tape  with  aluminum  out.  These  have  a very  low 
infrared  emlastvtty,  e • 0.04,  which  should  prevent  any  significant  night-time 
radiative  cooling.  Their  eolar  absorptivity,  a,  however,  is  believed  to  be  between 


170 


R > RESERVOIR 
I - INSIDE  WALL 


o 20 


< 

ac 

ui 

a. 

2 -20 
UJ 


R I R I R I R I 


yd  4th  5ih  6ih 


181  5Kg, FLOAT  39.6  Km  2“ DARK  BLUE  FOAM  COATED  WITH 

SUNRISE  LAUNCH, DECEMBER  AL-MYLAR  TAPE,  MYLAR  OUT 
SOUTHERN  HEMISPHERE  a*  0 13  t « 0 34 


Figure  6.  Dally  Temperature  Variation  of  an  "Around  The  World" 
Balloon  Package 
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Figure  7.  Dally  Temperature  Variation  of  an  "Around  The  World" 
Package,  Thick  Ineulet  ton 'Case 


0.  10  and  0.  14,  which  yields  an  ajt  ratio  of  about  three.  As  a consequence, 
during  daylight  a surface  coated  with  such  a material  should  absorb  more  heat 
than  it  radiates  and  should  wa~m  up. 

Figure  8 shows  results  fc-r  the  "typical"  around  the  world  package  coated  with 
aluminum  foil.  Notice  that  the  package  continually  warms  up  over  a period  of 
about  six  days  and  achieves  temperatures  which  might  be  considered  too  hot  for 
some  instruments.  While  these  particular  results  may  not  be  exactly  accurate 
due  to  uncertainties  in  the  value  of  the  solar  absorptivity  of  aluminized  surfaces, 
they  do  indicate  that  the  thermal  behavior  of  long  duration  packages  is  very  sensi- 
tive to  the  type  of  coating  used  on  the  external  surfaces  of  the  package.  Thus, 
further  investigation  of  the  properties  of  practical  coatings  would  be  desirable. 
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Figure  8.  Dally  Temperature  Variation  of  an  "Around  The  World" 
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Based  upon  these  results,  it  is  believed  that  the  following  conclusions  can 
be  stated: 

(1)  The  present  model  can  be  used  to  accurately  predict  the  thermal  be- 
havior of  long  duration  high  altitude  balloon  packages  and  to  design  their  thermal 
protection  systems. 
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(2)  For  both  short  and  long  flights^  packages  are  thermally  most  sensitive 
to  the  radiative  properties  of  the  external  coating  and  to  the  package  prelaunch 
temperature.  The  latter  can  affect  the  package  temperature  for  several  days. 

(3)  For  night  flights,  surface  coatings  having  low  infrared  emissivities  arc 
desirable, 

(4)  For  long  duration  flights,  cyclical  temperature  variations  of  15°C  or 
more  must  be  expected  in  the  package  components.  However,  reasonable  control 
can  be  maintained  by  proper  choice  of  insulation  and  surface  coating. 
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Abstract 


The  status  of  superpressure  balloon  technology  for  design  purposes  is 
reviewed  and  the  effects  of  various  simplifying  assumptions  are  evaluated.  A 
comparative  analysis  is  made  between  two  large  superpressure  balloons,  one 
that  was  flown  successfully  and  another  that  failed  catastrophically.  Under 
design  float  conditions,  the  maximum  stresses  are  shown  to  be  in  the  vicinity  of 
the  load  introduction  point  where  shear  stresses  tend  to  dominate  the  state  of 
stress.  It  is  concluded  that  the  stresses  due  to  superpressure  are  sufficiently 
large  to  neglect  the  effects  of  balloon  and  payload  weight  during  preliminary 
design.  It  is  also  demonstrated  that  "shear  lag"  effects  in  the  vicinity  of  load 
Introduction  may  be  calculated  which  will  provide  the  designer  with  needed  in- 
formation on  stress  concentrations.  A system  of  limit  load  factors  should  be 
defined  for  the  benefit  of  the  designer  so  that  he  may  protect  the  film  from 
undesirable  stress  concentrations.  In  addition,  material  characterization  of 
balloon  films  in  the  "as  used"  condition  is  necessary  if  there  is  ever  to  be  a 
correlation  between  design  stresses  and  actual  flight  conditions. 
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The  design  of  high  altitude  scientific  balloons  has  evolved  over  the  years 
strongly  influenced  by  material  quality  and  manufacturing  techniques.  However, 
the  possibility  of  long  duration  flights  has  created  a demand  by  the  scientific  com- 
munity for  balloon  vehicles  utilizing  superpressure  technology  in  an  environment 
where  no  prior  experience  exists.  In  the  period  from  the  late  1950's  to  early 
1960's,  an  Air  Force  Cambridge  project  was  conducted  involving  the  design  and 
flight  testing  of  superpressure  balloons.  This  program  resulted  in  a few  success- 
ful, although  relatively  short  lived,  flights  of  300  pound  payloads  on  120-foot 
diameter  superpressure  spherical  balloons.  Much  of  the  current  design  and 
fabrication  technology  used  for  this  type  of  balloon  was  originated  in  this  program. 
Additionally,  a wealth  of  information  has  been  gleamed  from  the  Southern 
Hemisphere  GHOST  (Global  Horizontal  Sounding  Technique)  flight  program  where 
85  flights  were  made  in  1966  and  1967.  The  superpressure  balloon  technology 
developed  in  this  program  for  relatively  small  balloons  has  been  reported  by 
Lally.  1 The  results  of  these  two  programs  essentially  constitute  the  state  of 
the  art.  In  the  past  7 years,  this  technology  has  been  used  to  design  approximately 
60  superpressure  balloons  with  dial  .eters  from  30  to  71  feet.  These  systems 
have  successfully  lifted  230  pounds,  reached  an  altitude  of  108,  000  foet,  and 
remained  at  altitude  for  as  long  as  261  days. 

In  early  1972,  a program  was  initiated  at  the  National  Scientific  Balloon 
Facility  to  fly  superpressure  balloons  from  Australia,  allow  them  to  circumnavigate 
the  earth  and  successfully  recover  the  scientific  payload  after  one  or  more 
"orbits",  thereby  demonstrating  the  feasibility  of  long  duration  ballooning.  As  a 
part  of  this  program  but  prior  to  the  Australian  expedition,  a 110  foot  diameter 
superpressure  balloon  successfully  lifted  153  pounds  to  99,000  feet  on  a teat  flight 
from  Palestine.  In  early  1973,  a 64-foot  diameter  sphere  carried  150-pounds  to 
80,  000  feet  for  36  days  and  two  "orbits"  of  the  earth.  The  scientific  experiment 
was  cut-down  by  radio  command  and  was  successfully  r *covereo  only  nine  miles 
from  the  launch  site.  Encouraged  by  many  scientists  as  a result  of  this  successful 
flight,  the  National  Scientific  Balloon  Facility  requested  funds  to  develop  a 
capability  of  launching,  monitoring,  and  commanding  a superpressure  balloon 
system  capable  of  circumnavigating  the  earth  carrying  a 500-pound  payload  at  an 
altitude  of  130,000  feet.  This  program  has  been  recently  approved  and  represents 
the  current  design  goal. 

Two  subsequent  test  flights  attempted  to  lift  125  pounds  to  ar.  altitude  of 
120,  000  feet  with  a nominal  200-foot  diameter  balloon  but  were  not  completely 
successful.  In  one  case,  the  system  could  not  be  adequately  pressurized  at  sunset 
due  to  radiant  cooling  causing  it  to  lose  altitude  after  reaching  the  design  altitude. 
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The  second  balloon  ruptured  while  being  pressurized  at  altitude.  Therefore, 
since  attainment  of  an  intermediate  design  objective  has  not  yet  been  successful 
it  would  appear  that  a more  detailed  analysis  of  these  superpressure  systems  is 
not  only  advantageous,  but  essential  if  the  design  objective  is  to  be  met  in  the 
next  two  years. 


2.  THK  >1  l*KRPRi: >>t  HK  I’RIM  IPI.K 

Current  superpressure  balloon  technology  has  been  thoroughly  documented 
by  I,ally\  but  a very  brief  review  of  the  governing  principles  is  justified  for 
those  not  familiar  with  these  systems.  A superpressure  balloon  is  a fixed  volume 
system  which  is  sealed  to  prevent  loss  of  the  lifting  gas.  The  balloon  is  filled 
with  a controlled  amount  of  gas  which  creates  sufficient  free  lift  to  reach  the 
desired  altitude.  As  the  balloon  rises,  the  gas  expands  to  a point  where  the  bag 
is  fully  deployed  to  its  design  shape.  At  this  point,  since  the  gas  can  no  longer 
expand,  any  remaining  free  lift  causes  the  gas  to  increase  in  pressure  at  a fixed 
volume.  Since  the  mass  of  gas  and  volume  of  air  displaced  are  fixed,  the  system 
will  float  at  a constant  density  altitude.  In  addition,  any  fluctuation  in  tempera- 
ture or  ambient  pressure  will  cause  the  balloon  pressure  and  pressure  differential 
across  the  gas  barrier  to  fluctuate,  but  the  system  will  remain  at  the  same 
density  altitude. 

A superpressure  balloon  Is  a pressure  vessel  which  must  maintain  sufficient 
tensile  stress  in  the  film  to  maintain  a relatively  constant  volume  while  under- 
going these  periodic  changes  In  differential  pressure.  It  can  be  shown  that  this 
pressure  differential  is  related  to  the  free  lift  at  launch  and  supertemperature 
through  the  following  expression: 


Ap  A*p 


where  f is  the  free  lift  ratio  at  launch  based  on  total  system  mass  (including  the 
mass  of  lifting  gas),  and  AT/T  is  the  ratio  of  supertemperature  to  ambient 
temperature.  For  design  purposes  it  is  assumed  that  the  temperature  ratio  may 
vary  from  -0.  12  to  *0.  10.  ltased  on  this  lower  limit  it  is  obviously  necessary  to 
have  a free  lift  ratio  of  at  least  0.  1.(7  to  maintain  a positive  pressure  differential. 
The  upper  limit  will  be  dictated  by  the  str  ngth  of  the  film  material  used  to 
construct  the  gas  barrier. 

The  selection  of  an  appropriate  balloon  material  is  governed  by  not  only  the 
unique  requirements  of  the  overall  system  but  also  by  the  imagination  of  the 
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designer  and  flexibility  of  the  manufacturing  technique  in  general,  it  would  be 
desirable  to  have  a system  that  is  impermeable  to  the  liffrig  gas,  transparent  to 
the  entire  spectrum  of  radiation,  experience  no  volume  chan.;  - luring  pressuriza- 
tion and  survive  rough  ground  handling.  Unfortunately,  no  existing  material  can 
be  used  with  conventional  manufacturing  techniques  t<>  achieve  this  goal;  but, 
reasonable  success  has  been  attained  in  the  past  using  laminated  polyester  films 
and  modern  design  and  manufacturing  techniques.  In  these  designs,  the  film  itself 
must  provide  the  stiffness  for  the  system  since  there  is  no  circumferential  load 
carrying  capability  except  through  the  film.  The  polyester  films  have  a modulus 
of  elasticity  in  excess  of  500,  000  psi  at  float  conditions  and  thereby  produce  a 
change  in  volume  (and  corresponding  change  in  altitude)  that  is  acceptable.  The 
material  is  reasonably  transparent  to  radiation  and  the  lamination  process  results 
in  a film  which  is  adequately  impermeable  to  helium.  The  launch  technique  is 
somewhat  more  delicate  than  normal  and  a tow  balloon  and  excess  ballast  is  neces- 
sary to  help  the  system  rise  through  the  troposphere. 

Experience  to  date  indicates  only  that  the  polyester  films  have  worked  in  the 
past.  There  is  no  evidence  to  indicate  that  it  is  the  optimum  material  to  use. 

It  is  well  known  that  this  material  is  significantly  weakened  tj  creasing,  folding 
and  other  types  of  ground  handling  and  aerodynamic  buffeting.  It  is  understand- 
able that  the  manufacturers  are  interested  in  new  designs  and  materials  that  will 
meet  the  superpressure  mission  requirements  with  improved  reliability  and 
reduced  cost.  Other  materials  such  as  nyton,  polyethylene  and  other  fiber  rein- 
forced polymer  matrix  materials  are  being  cai^ully  studied.  The  use  of  these 

materials  will  ultimately  require  a more  general  characterization  of  the  material 

•> 

such  as  that  reported  by  Alley”  and  Faison.  Design  techniques  will  then  have  to 
be  refined  to  the  point  of  utilizing  the  non-linear  characteristics  of  these  materials 
to  exploit  their  full  capability. 

Since  a superpressure  balloon  vehicle  is  a pressure  vessel,  designers  have 
focused  their  attentions  on  the  general  class  of  oblate  spheroids  and  in  particular 
on  the  sphere.  If  it  is  assumed  that  the  balloon  is  manufactured  from  a homo- 
geneous and  isotropic  material  without  seams,  and  if  both  the  payload  and  balloon 
vehicle  are  weightless,  then  the  stress  will  be  the  same  in  both  meridional  and 
circumferential  directions  and  is  given  by  the  expression; 

o Mi*r>^] 

In  the  past,  superpressure  balloons  have  been  manufactured  in  a manner 
similar  to  zero  pressure,  natural  shape  balloons.  They  are  constructed  of  a 
number  of  flat  gores  or  half-gores  and  then  joined  together  with  seams  or  seal 
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tapes  running  in  the  meridional  direction.  The  resulting  balloon  is  then  stiffen 
from  top  .o  bottom  than  in  the  circumferential  direction.  Recognizing  this,  it  is 
normally  assumed  that  the  stress  in  the  meridional  direction  is  only  two  thirds 
of  the  circumferential  stress. 

A number  of  small  superpressure  balloons  made  of  bi-laminated  polyester 
film  have  failed  apparently  due  to  overpressurizing  the  system.  Based  on  the 
measurement  of  pressure  at  failure  and  the  preceding  equation  with  all  its  inherent 
assumptions,  it  has  been  determined  that  13,000  psi  represents  the  ultimate 
stress  of  this  material  after  fabrication  into  a spherical  shape.  In  accordance 
with  aerospace  engineering  practice,  a factor  of  safety  of  1.25  is  considered 
adequate  for  an  unmanned  flight  vehicle.  Therefore,  the  designer  has  been  re- 
quired to  produce  a design  where  the  stress  predicted  by  the  preceding  equation 
does  not  exceed  10,  000  psi  under  design  conditions.  The  previously  flight  proven 
design  procedure  has  been  carefully  followed  by  the  manufacturers;  however,  a 
nominal  200-foot  diameter  superpressure  balloon  has  not  yet  been  successfully 
flown. 

It  is  obvious  that  the  design  procedure  used  must  be  improved  if  we  are  to 
achieve  the  current  design  goals  or  assess  the  altitude  or  load  limitations  of 
superpressure  balloon  systems.  This  problem  should  be  attacked  in  at  least  two 
directions.  First,  it  is  known  from  laboratory  testing  of  polyester  films  that  the 
yield  strength  of  the  virgin  material  is  greater  than  13,000  psi.  However  the 
material  is  not  used  in  this  optimum  condition  and  the  resulting  strength  figures 
are  misleading.  Therefore,  it  would  be  advantageous  to  the  designer  if  some 
type  of  laboratory  testing  technique  could  be  developed  which  would  yield  strength 
values  of  a more  practical  nature. 

The  second  avenue  should  be  a detailed  analysis  of  the  state  of  stress  in  the 
balloon  itself.  It  will  be  shown  that  the  stress  predicted  by  the  preceding  equation 
U anything  but  conservative.  It  Is  common  practice  to  apply  the  factor  of  safety 
to  the  worst  possible  conditions  to  be  anticipated  in  flight.  This  means  that  the 
worst  combination  pf  stress  distributions  and  stress  concentrations  should  be 
Identified  and  evaluated  before  the  factor  of  safety  is  applied.  Evaluation  of  these 
locally  high  stress  concentrations  could  be  accomplished  by  a dialled  stress 
analysis  or  the  establishment  of  a set  of  limit  load  factors  which  is  a standard 
procedure  in  the  aircraft  Industry.  It  is  only  after  the  actual  stress  and  the 
actual  strength  of  the  material  are  known  tl.at  the  adequacy  of  a design  may  be 
ascertained  without  extensive  flight  testing. 
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3.  STRESS  DISTRIBUTIONS 


In  an  effort  to  evaluate  the  effects  of  varijus  assumptions  on  the  state  of 

stress  in  superpressure  balloons  that  have  Deen  desired  In  the  past,  several 

particular  iystems  have  been  analyzed  in  more  detail  than  has  been  previously 

reported.  The  effect  of  system  weight  which  Is  assumed  to  be  negligible  in  the 

preliminary  design  phase  may  be  evaluated  after  the  shape  is  known.  All  of  the 

3 

equations  necessary  to  evaluate  these  effects  have  been  developed  by  Smalley 
and  are  readily  available  to  the  designer. 

In  developing  these  equations,  it  is  assumed  that  the  film  is  an  elastic, 
homogeneous,  isotropic  material  which  has  no  bending  rigidity  and  obeys  the 
membrane  equation.  The  balloon  is  again  assumed  to  be  formed  without  seams 
or  seal  tapes  and  the  stresses  are  assumed  to  be  uniformly  distributed  through 
the  thickness  and  circumferentially  about  the  balloon.  Shear  stresses  are 
assumed  to  be  non-existent  and  the  resulting  meridional  and  circumferential 
stresses  are  principal  stresses.  The  payload  is  assumed  to  be  introduced  as  a 
uniformly  distributed  load  applied  tangentially  along  a circumferential  ring. 
Assuming  the  shape  to  be  spherical,  the  resulting  differential  equation  may  be 
integrated  to  yield  the  following: 

jUt  * jot  Km  *Tr* 
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In  this  formulation  4 is  the  angular  position  on  the  sphere  measured  from  the 
equator;  P is  the  payload;  b is  the  speclftc  lift  of  the  gas  and  +Q  Is  the  angular 
position  of  payload  attachment.  R and  V are  the  radius  and  volume  of  the  balloon 
respectively  and  Ap  is  the  pressure  differential  at  the  center  of  the  balloon  and 
is  assumed  to  be  that  given  by  the  preceding  equations. 
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These  equations  have  been  evaluated  for  a number  of  superpressure  balloons 
that  have  already  been  designed  and  flown.  For  comparison  purposes,  results  are 
presented  here  for  two  superpressure  balloons  which  were  designed  to  fulfill  two 
completely  different  mission  requirements.  The  first  is  the  110-foot  diameter 
balloon  that  flew  successfully  in  1972  and  the  second  is  the  196-foot  diameter 
balloon  that  failed  catastrophically  while  being  pressurized.  The  mission  require- 
ments and  balloon  characteristics  were  substantially  different  and  are  presented 
in  Table  1. 


Table  1.  Balloon  Characteristics 


Radius  (ft) 

55 

98.45 

Fayload  (lbs) 

158 

367 

Altitude  (K  ft) 

100 

120 

Altitude  (mb) 

11 

4.4 

Free  Lift,  F(percent) 

20* 

20* 

Supertemperature  (percent) 

10 

10 

Volume  (ft3  x 10®) 

. 697 

3.987 

Gross  (lbs) 

630 

1407 

(degrees) 

-so 

-60 

F/bV 

.25 

.26 

Half-Gore  Width  (in) 

57.6 

55.4 

Half-Gores  (nr) 

72 

134 

Load  Lines  (nr) 

72 

67 

Film  Thickness  (mil) 

1.5 

1.0 

•Standard  Free  Lift 


The  result*  of  this  analysis  are  presented  In  Figure  1 and  graphically 
demonstrate  the  influence  of  vehicle  weight  and  payload  on  the  stress  distribution 
when  it  is  assumed  that  there  is  no  circumferential  variation  in  stress.  The 
horizontal  line  in  each  figure  represents  the  ApR/2t  term  on  which  each  design 
Is  based.  In  the  first  case,  this  stress  is  9,  985  psl  and  in  the  second  case  the 
stress  is  10,  724  psl.  Although  this  second  figure  exceeds  the  10,000  psl  design 
objective,  the  balloon  was  flown  with  only  16,  5 percent  free  lift  so  that  under 
flight  conditions  it  was  well  within  the  specified  maximum  stress  levels. 


The  curves  labeled  P - 0 represent  the  stress  distribution  due  to  vehicle 
weight  and  the  change  in  Ap  due  to  head  height.  In  each  case,  the  meridional 
stress  is  equal  to  the  circumferential  stress  and  the  payload  is  assumed  to  have  a 
negligible  effect  on  the  stress  distribution.  The  difference  between  this  curve  a id 
the  remaining  two  curves  represents  the  influence  of  load  introduction  into  the 
film.  Since  equilibrium  must  be  maintained  normal  to  the  film,  for  an  increase  in 
the  meridional  stress  there  must  be  a corresponding  decrease  in  the  circumferen- 
tial stress.  In  both  cases,  the  maximum  stress  occurs  at  the  apex  of  the  balloon 
but  an  equal  stress  In  the  meridional  directic  . very  nearly  occurs  at  the  point  of 
load  introduction.  The  shear  stress  which  is  assumed  to  be  zero  in  the  coordinate 
system  chosen,  will  be  a maximum  along  a 45°  line  bisecting  the  meridional  and 
circumferential  axes.  Since  the  difference  m principal  stresses  is  a measure  of 
the  maximum  shear  stress,  the  maximum  will  occur  at  the  point  of  load  introduc- 
tion. However,  the  maximum  difference  in  principal  stresses  is  200  psi  in  the 
first  case  and  390  psi  in  the  second  case;  neither  of  which  would  appear  to  be 
significant. 

It  appears  that  the  design  stress  is  sufficiently  large  that  the  variations  in 
stress  due  to  vehicle  weight  and  payload  will  not  be  a cause  of  failure  so  long  as 
the  stress  is  uniformly  distributed  around  the  circumference  of  the  balloon. 
Therefore,  the  initial  assumption  of  a weights  ss  system  would  appear  to  be 
justified  if  the  assumptions  made  in  this  analysis  are  reasonably  accurate.  Al- 
though polyester  bilaminates  are  probably  neither  homogeneous  nor  isotropic, 
this  appears  to  be  a reasonably  accurate  approximation  for  design  purposes.  If 
St.  Venant's  principle  is  invoked,  the  assumption  of  a uniform  stress  distribution 
is  justifiable  except  at  points  in  the  proximity  of  the  load  introduction  point. 
Therefore,  it  appears  justifiable  to  challenge  this  approximation  in  the  region  of 
4-  and  consider  in  detail  the  mechanism  by  which  the  load  is  introduced  into 
the  film. 

t. 

4 

The  term  "shear  lag'  was  introduced  by  Kuhn  while  attempting  to  analyze 
the  state  of  stress  due  to  load  introduction  into  thin  sheets  of  aircraft  materials. 
The  term  is  equally  appropriate  to  characterize  the  introduction  of  loads  into 
superpressure  balloon  films.  Unlike  zero  pressure  balloons,  the  superpressure 
balloon  is  relatively  stiff  and  can  support  shear  once  pressurization  has  occurred. 
The  force  required  to  support  the  payload  Is  transferred  through  the  load  lines  to 
the  seam  or  seal  tapes  where  it  is  introduced  tangentially  into  the  balloon  film. 

By  examining  the  small  area  immediately  adjacent  to  the  seam,  as  shown  in 
FigU'c  2,  it  k obvious  that  the  only  mechanism  operative  In  reducing  the  force  in 
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the  seam  Is  a shear  stress  acting  on  the  edge  of  the  film.  This  shear  stress  must 
then  obey  the  governing  equilibrium  equations  in  the  film  to  transfer  this  load 
across  the  width  of  the  gore. 

Several  analysts  have  attacked  the  problem  of  the  effects  of  material  deforma- 
tion on  the  state  of  stress.  The  approach  of  Alexander^  and  Agrawal  has  success- 
fully ascertained  the  effects  of  lobing  on  the  state  of  stress  in  a "natural"  shape 
balloon  by  assuming  the  change  in  tape  force  is  uniformly  distributed  about  the 
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circumference.  Lagerquist  utilized  a large  displacement  finite  element  analysis 
of  the  TCOM  system  to  determine  the  deformations  and  stresses.  It  Is  expected 
that  the  approach  taken  here  will  result  in  a more  general  design  procedure  rather 
than  the  analysis  of  a particular  system. 

In  establishing  a model  of  the  problem  in  the  area  of  load  attachment,  it  is 
assumed  that  the  effects  of  curvature  are  unimportant  and  the  region  can  be  as- 
sumed to  be  a rectangle  subjected  to  in-plane  forces  only.  Again,  the  material  is 
assumed  to  be  homogeneous  and  isotropic.  The  loads  are  assumed  to  be  intro- 
duced symmetrically  along  each  load  line  as  shown  in  figure  2.  Due  to  the  sym- 
metry of  the  deformations,  the  panel  dimensions  were  chosen  to  be  half  the  dis- 
tance between  load  lines  by  twice  this  dimension.  This  latter  dimension  was 
chosen  on  the  basis  of  St.  Venant's  principle  as  a position  where  the  load  should 
be  reasonably  uniformly  distributed. 

The  governing  differential  equations  when  formulated  in  terms  of  displace- 
ments may  be  written  as: 


= o 


0 


2 

where  K*  * Et*/l-v  , the  in-plane  stiffness.  By  observing  the  symmetry  of  the 
deformations,  it  is  obvious  that  the  shear  stress  must  be  zero  alorg  a meridional 
line  between  two  load  lines.  Because  of  this  condition,  the  simplification  of 
assuming  constant  shear  strain  across  the  panel,  introduced  by  Kuhn*,  cannot  be 
made  in  this  case.  Along  the  meridional  line  containing  the  load  line,  the  change 
in  force  per  unit  length  is  related  to  the  shear  stress  in  the  film  as  shown  in 
Figure  2. 

Solutions  were  obtained  for  the  above  set  of  equations  by  rewriting  the 
derivatives  in  finite  difference  form  and  solving  the  resulting  set  of  simultaneous 
equations  for  the  displacements  in  both  meridional  and  circumferential  directions. 
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PANEL  GEOMETRY 


Figure  2,  Load  Introduction  Model 


Stresses  and  stains  were  then  calculated  as  well  as  principal  stresses  and  direction 
of  the  principal  streaa.  The  reaulta  of  this  calcula'lon  are  shown  in  Figure  3 for 
the  two  balloons  previously  described.  It  should  be  remembered  that  these  stresses 
must  be  superimposed  on  the  P - 0 curves  of  Figure  t since  these  stresses  are  the 
result  of  load  introduction  only,  and  do  not  reflect  the  effects  of  balloon  weight 
or  superpressure. 

There  are  several  Important  parameters  which  Influence  the  distribution  of 
the  load  Into  the  film  other  than  material  properties.  The  most  significant 
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Figure  3.  Principal  Stress  Distribution 

parameter  appears  to  be  the  number  of  load  lines  since  this  dictates  not  only  the 
magnitude  of  the  load  per  line,  but  also  the  distance  between  the  load  lines.  In  the 
case  ot  the  small  balloon  the  load  per  line  was  4. 39  pounds  and  the  distance  between 
lines  was  28. 8 Inches  at  the  point  ot  load  attachment.  The  second  balloon  introduced 
10. 95  pounds  per  line  with  55. 4 Inches  between  e«ch  line  at  the  point  of  load 
attachment.  From  the  formulation  of  the  problem  it  is  known  that  all  results  are 
linearly  related  to  the  magnitude  of  the  load  per  line  If  everything  else  is  held 
constant.  However,  the  influence  of  the  distance  between  toad  lines  appears  to  be 
a highly  nonlinear  effect. 
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The  role  of  film  thickness  is  again  a linear  effect  in  the  computation  of  stresses. 
However,  the  seam  which  introduces  the  load  into  the  film  is  a boundary  where  the 
stiffness  is  proportional  to  the  tape  thickness.  The  stiffer  this  seam  becomes,  the 
lower  will  be  the  shear  stress  in  the  film  along  the  edge  of  the  seam.  Therefore, 
in  the  small  balloon  the  film  thickness  of  1.  5 mils  provides  a stiffer  seam  than  the 
1. 0 mil  film  in  the  larger  balloon. 

In  reality,  the  film  is  stiffened  by  means  of  a small  (6  inch  diameter)  patch  of 
reinforcing  film  at  *he  point  of  load  attachment.  The  effect  of  this  patch  is  assumed 
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to  reduce  the  stresses  at  that  point  but  will  not  significantly  alter  the  results 
presented  here  a small  distance  away  from  the  patch.  The  maximum  meridional 
stress  due  to  load  introduction  will  occur  along  the  seam  and  has  been  super- 
imposed in  Figure  4 on  those  results  previously  obtained  to  account  for  the  effects 
of  superpressure  and  weight.  The  maximum  stress  very  clearly  occurs  at  the 
point  of  load  introduction  and  is  accomplanied  by  a shear  stress  that  is  normally 
assumed  to  be  negligible.  In  the  smaller  balloon,  the  maximum  shear  stress  is 
246  psl  while  in  the  larger  system  this  stress  increases  to  975  psi. 

It  should  be  noted  at  this  point  that  these  results  are  not  Intended  to  suggest 
that  the  cause  of  failure  of  the  196  foot  balloon  was  due  to  an  improper  design. 

The  stress  levels  predicted  here  should  be  well  within  the  capabilities  of  an  un- 
damaged polyester  film.  It  would  be  more  reasonable  to  assume  that  the  violent 
ascent  of  this  vehicle  caused  damage  which  led  to  the  subsequent  failure  of  the 
system. 


S.  CONCLUSION* 

A technique  has  been  developed  to  predict  the  distribution  of  stresses  in  a 
superpressure  balloon  system  manufactured  from  a homogeneous,  isotropic, 
elastic  film  which  includes  the  effects  of  change  in  pressure  due  to  head  height, 
system  weight  and  payload  introduction.  It  has  been  shown  that  the  most  highly 
stressed  ares  is  in  the  vicinity  of  the  load  introduction  point  where  shear  stresses 
may  be  significant.  It  can  be  concluded  that  the  stresses  due  to  superpressure 
are  sufficiently  high  to  neglect  all  other  effects  for  design  purposes  except  In  the 
vicinity  of  the  load  introduction  point.  As  superpressure  balloon  systems  become 
larger,  careful  attention  will  have  to  be  given  to  load  lines,  spacing  and  seam 
stiffness. 

In  the  future,  the  results  presented  here  will  be  used  to  formulate  a set  of 
limit  load  factors  which  the  designer  may  use  to  improve  the  reliability  of  the 
system.  It  has  also  been  recommended  that  an  effort  be  made  to  develop  a testing 
technique  which  may  be  used  to  characterize  materials  in  their  "as  used”  condition. 
In  addition,  other  areas  of  possible  stress  concentrations,  such  as  pinhollng,  should 
be  identified  and  evaluated.  The  use  of  new  materials,  new  shapes  and  manufactur- 
ing techniques  should  continue  to  be  explored  so  that  the  most  reliable  system  at 
the  lowest  cost  will  be  produced. 
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Balloon  System  Strength  and  Failure  Analysis 
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Abstract 


Ballc  >n  loading  conditions  are  discussed  wherein  it  is  oroposed  that  serious 
alterations  in  mechanical  behavior  can  result  from  the  loadings  imposed  prior  to 
the  system  achieving  float  altitude.  Handling,  sealing,  folding,  deployment,  etc. 
are  known  to  reduce  the  service  life.  Testing  methods  and  machines  are  dis- 
cussed which  measure  the  influence  of  varitus  stress  histories  upon  service  life. 
Viscoelastic  fracture  mechanics  formulations  are  proposed  which  are  applicable 
to  the  balloon  problem.  Tests  for  cold  brittleness  are  reviewed.  It  is  shown 
that  the  race  track  diaphragm  tester  can  be  used  for  determination  of  cold  brittle 
points.  Vaiiuus  other  testing  devices  are  described  inc  luding  an  articulated 
diaphragm  and  a pinhole  generating  mutilation  tester.  Typical  results  of  race 
track  i old  br  ittle  determinations  are  presented  along  with  results  of  pre-load 
enhatu  ement  of  brittle  behavior  useful  in  discriminating  between  films.  Various 
relations  between  parameters  important  In  the  interpretation  of  results  of  race 
track  and  dtaphragm  tests  are  sliown  in  graphic  form. 


♦Research  Engineer,  Texas  Engineering  Experiment  Station;  Assistant 
Professor,  C ivil  Engineering  IJe|>art ment. 
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1.  IMROIHCTION 

To  the  materials  engineer,  the  most  amazing  thing  about  scientific  balloon- 
ing is  that  almost  90  percent  of  the  balloons  actually  reach  Huai  altitude.  This 
Is  surprising  because  balloons  are  designed  for  float  conditions  at  ceiling 
altitude— conditions  that  do  not  reflect  the  load  history  represented  by  manufactur- 
ing, packaging,  crating,  shipping,  subsequent  storage,  uncrating,  inflation, 
launching,  wind  shear,  buffeting,  sailing  and  high  rate,  high  stress  unfurling 
of  the  film.  The  film  must  survive  these  severe  mechanical  and  environmental 
loading  conditions  before  it  can  reach  design  float  altitude  and  conditions.  The 
loading  history  of  most  systems  is  as  yet  unrecorded.  This  means  that  very  little 
is  known  about  the  actual  stress  relationships  and  structural  changes  the 
materials  may  undergo  during  the  handling  and  ascent  portions  of  a flight. 

2.  THK  MVTKRI1L5  PROBI.KK 


Without  knowing  the  exact  nature  of  these  stress  relationships  it  is  difficult 
to  determine  which  material*  will  perform  adequately.  Fortunately,  balloon 
designers  ignored  the  uncertainties  and,  with  considerable  flnesse  and/or  brute 
force,  created  systems  that  have  performed  with  a high  degree  of  success  under 
nearly  all  conditions  encountered  in  a balloon  flight.  But  we  also  know  that  over 
the  past  10-15  years  there  have  been  "qualified"  balloon  materials  which  did  not 
perform  as  expected.  It  had  been  assumed  that  by  thoroughly  examining  every 
characteristic  of  each  of  these  ftlms  a definite  pattern  could  be  established  among 
various  mechanical  and  physical  properties  to  discriminate  between  good  films 
and  bad.  Characterizing  every  thus  far  defined  aspect  of  every  film  to  achieve 
discrimination  has  proven,  however,  to  be  a time-consuming,  expensive,  and 
largely  unsuccessful,  process. 

Logically,  the  solution  would  be  first  to  determine  the  actual  stresses  in  a 
balloon  so  that  test  techniques  could  be  developed.  Actual  Information  on  stress, 
strain,  and  skin  temperature  obtained  .luring  inflation,  launch,  and  ascent  would 
enable  simulation  tests  to  performed  in  the  laboratory.  Howaver,  this  kind 
of  information  W • cry  elusive.  The  NSHF  conducted  a number  of  test  flights  to 
this  i • -1  found  that  nearly  the  entire  sjrface  of  a balloon  would  have  to  be 
covered  with  strain  gages  and  thermistors  to  determine  the  actual  stress  and 
strain  distribution.  Although  temperature  distributions  were  recorded,  the  lack 
of  corresponding  stress  and  strain  data  obecured  the  definition  of  useful  laboratory 
test  requirements.  The  development  of  discriminatory  teating  techniques  is, 
therefore,  both  an  exercise  in  duplicating  the  extremely  severe  environmental 


I 
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conditions  that  a balloon  undergoes  in  flight  and  a search  for  a means  of  detecting 
possible  structural  changes  that  could  have  occurred  in  the  materials  before  the 
flight.  For  example,  how  much  abuse  is  the  film  subjected  to  when  the  balloon  is 
being  fabricated?  What  changes  in  the  molecular  structure  of  the  film  occur  during 
heat  sealing  ? The  material  can  also  be  significantly  affected  by  the  abrasion, 
folding,  and  creasing  that  occur  during  packing  and  shipment  of  the  balloon  to  the 
launch  site  and  during  pre-launch  handling.  Despite  the  importance  of  these  con- 
siderations they  are  assumed  to  be  relatively  minor  compared  to  the  problems 
encountered  during  launch  and  ascent. 

At  launch  the  balloon  is  only  partially  inflated.  The  helium  in  the  balloon 
"bubble"  at  ground  level  is  highly  compressed  by  atmospheric  pressure  and 
occupies  only  a small  percentage  of  the  balloon's  fully  expanded  volume.  Stress 
on  the  film,  however,  is  greatest  just  at  launch  of  the  balloon  system.  Near  the 
top  of  the  balloon  the  film  is  subjected  to  a biaxial  stress  state.  Below  the  bubble 
the  film  may  be  constrained  under  the  launch  spool  during  inflation,  creating  a 
region  of  probable  abrasion  and  heavy  creas Uif^or  folding  of  the  film  while  it  is 
stressed.  Upon  release  from  the  spool  the  previously  constrained  balloon  sud- 
denly "leaps"  skyward,  creating  a large  mushroom  effect  with  rapid  unfolding  of 

the  material.  This  severe  loading,  with  its  high  rates  of  deformation  and  high  1 

stresses,  sometimes  results  in  a system  failure. 

Most  balloon  failures  have  occurred  during  ascent  through  or  close  to  the 
tropopause  (coldest  region)  where  the  temperatures  are  commonly  in  the  range 
of  -70  to  -85°C.  At  this  level,  shear  winds  can  be  encountered  and  the  loosely 
hanging  film  may  suddenly  catch  the  wind,  forming  a "sail."  The  "sailing"  and 
cold  temperatures  in  combination  are  probably  the  most  severe  conditions  the 
balloon  film  will  encounter.  Unfortunately,  it  is  also  during  this  period  in  the  life 
of  the  balloon  that  we  know  least  about  the  actual  shapes  and  stresses  involved. 

The  designer  endeavors  to  maximize  the  llft-to-weight  ratio  of  the  balloon. 

This  requires  stressing  the  films  near  their  elastic  limit.  Since  many  of  the 
films  are  thermoplastics,  their  viscoelastic  nature  dictates  that  their  elastic 
limit  depends  upon  the  temperature  and  duration  of  the  applied  stress.  Many 
flaws  are  inherent  in  tne  films  and  more  are  created  by  handling  and  fabrication. 

Small  flaws,  such  as  microscopic  pin  holes  or  disorders  on  the  molecular  level, 
grow  at  a rate  depending  upon  both  magnitude  and  direction  of  the  applied  load, 

* The  seriousness  of  any  existing  flaw  depends  On  stress  magr.t*»Kics  and  directions 
as  well  as  temperature. 
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3.  VISCOtLAsne  FRACTURE 


In  a pap* i published  in  1965,  1 M.  L.  Williams  suggested  an  energy  balance 
approach  which  resulted  In  expressions  for  the  criticality  of  a flaw  In  a visco- 
elastic material.  Boundaries  could  be  prescribed  in  terms  of  either  applied 
stresses  or  applied  displacements.  However,  because  of  the  time -dependent 
nature  of  the  material  properties,  it  was  necessary  to  prescribe  the  boundary 
conditions,  either  the  stress  or  displacement,  as  a function  of  time.  The  problem 
remains  analytically  tractable  for  all  practical  loading  histories,  thus  it  provides 
an  approach  to  evaluating  the  influences  of  the  viscoelastic  nature  of  the  material 
properties  on  the  service  life  when  such  materials  are  subjected  to  sequences  of 
loadings. 

The  simplified  geometry  that  Williams  considered  was  a spherical  flaw 
centered  in  a spherical  body  of  material.  The  boundary  conditions  were  required 
to  be  point  symmetric  and  the  material  incompressible  so  the  stresses  or 
displacements  are  defined  everywhere  when  the  stress  of  displacement  is 
prescribed.  Further,  if  the  relaxation  modulus,  Erej(t)  (or  the  creep  com- 
pliance, Dcrp(t»,  is  known,  the  time  dependent  stored  strain  energy  and  viscous 
dissipation  can  be  calculated. 

The  criticality  expressions  derived  using  the  approach  were  of  the  form  (for 
the  stress  prescribed  boundary) 

°cr  * k irr^f-jrjr 

1 • crp  o 1 

where 

ocr  * the  critical  boundary  stress 

k * a coefficient  depending  on  the  geometry 

a • flaw  radius 

7 3 characteristic  stratn  energy  release  rate 

f|Dcrp(to)j  » a function  of  the  creep  compliance,  Dcrp<*>.  which  depends 
upon  the  prescribed  loading. 

The  coefficient  k is  identical  to  that  which  would  be  calculated  using  an  elastic 
fracture  mechanics  approach. 

As  time  progresses,  the  values  of  both  sides  of  the  balanc>  equations  can  be 
calculated  (as  a function  of  time).  At  that  Instant,  t^,  when  they  first  become 
equal,  fracture  is  incipient. 


An  extremely  simple  illustration  of  this  equation  is  obtained  if  one  assumes 
a linearly  increasing  stress  boundary,  a - ct,  where  c is  a constant,  is  imposed. 
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where  *->crp^0)  is  the  derivative  of  the  compliance  evaluated  at  true  zero  and  the 
Integral  is  the  first  moment  of  the  area  under  the  creep  compliance  curve. 

3.1  Ipplictiilily  l«  Veabniea 

A similar  approach  to  that  described  above  for  a spherical  flaw  is  being  pur- 
sued for  ? circular  flaw  in  a thin  (plane  stress)  membrane.  Except  for  the  dif- 
ferences in  the  geometric  term  the  resulting  expressions  are  identical. 

Theoretically,  at  least,  these  expressions  will  permit  one  to  go  to  the 
laboratory,  evaluate  the  creep  compliance  and  the  characteristic  strain  energy 
release  rate  for  a membrane  material  and  predict  the  time,  or  number  of  cycles, 
to  failure  (flaw  growth)  under  a prescribed  service  load  history.  However,  be- 
cause of  the  complexities  introduced  by  large  strains,  nonlinear  behavior,  non- 
circular flaws,  non-uniform' thicknesses,  reinforcements,  and  the  like,  such 
meaningful  failure  predictions  are  considered  unlikely. 

Suppose  one  had  a balloon  design  which  had  demonstrated  a capability  to  fly 
to  a given  altitude  with  a given  payload  but  which  usually  survived  only  one  day. 
Ana  suppose  he  wished  to  modify  the  design,  ustug  the  same  material,  so  that 
the  balloon  would  survive  30  day /night  cycles.  One  could,  by  using  the  equation 
given  above,  evaluate  the  parameters  implied  with  the  first  load  history.  Then, 
with  these  parameters,  one  could  calculate  whether  or  not  the  new  design  could 
survive  the  30-day  cyclic  loading. 

Clearly  such  analytical  expressions,  tf  they  can  be  shown  by  laboratory  tests 
to  reflect  .he  real  material  behavior,  will  be  extremely  useful  to  the  engineer 
attempting  to  design  a balloon  to  survive  a specified  service  life. 

I.  TKSTIMj  iOR  (HID  BWTTI.KNKSh 

l>crp  and  y are  strongly  temperature-  and  stress  history-dependent.  The 
creep  compliance  decreases  as  temperature  decreases  and  the  energy 

required  to  ;.il  rge  the  Haw,  y,  becomes  smaller  as  the  film  gets  cold,  reaching 
a mtmlmum  value  at  the  "brittle"  transition  temperature  for  t.ie  film.  The 
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longer  a balloon  system  is  exposed  to  loads  which  enhance  flaws  in  the  film,  the 
more  likely  system  failure  becomes  as  the  balloon  reaches  the  low  temperature 
extremes  of  the  upper  atmosphere. 

Since  flaws  are  inherent  in  all  balloon  systems,  their  seriousness  must  be 
defined  in  terms  of  size  and  growth  rate  for  any  given  stress  and  temperature. 
Quality  control  tests  must,  therefore,  be  developed  that  will  measure  the  signifi- 
cance of  inherent  flaws  in  terms  of  their  importance  to  balloon  flight. 

Flaws  intensify  applied  stress  in  their  immediate  vicinity.  A film  that  is 
unable  to  deform  plastically  in  regions  of  high  stress  must  necessarily  fracture. 
For  this  reason,  it  is  very  important  that  prospective  balloon  films  be  "ductile" 
in  their  behavior  at  all  temperatures  encountered  in  the  upper  atmosphere.  Be- 
cause the  significance  of  microscopic  flaws  is  minimized  in  ductile  films,  valid 
measure  neni  of  a film's  cold-brittle  temperature  and  subsequent  strength  loss  i; 
essential. 

A number  of  testing  techniques  and  procedures  have  been  used  to  check  bal- 
loon film  for  cold-brittleness  properties.  Studies  of  environmental  and  testing 
parameters  have  revealed  several  that  could  influence  both  the  cold-brittle  point 
and  the  film  strength;  these  factors  ?re  summarized  in  Table  1.  Until  the  mid- 
1 960's  the  cold-brittle  point  fer  all  polyethylene  used  in  balloons  was  required  to 
[ be  at  least  -68°C.  At  that  time,  the  accepted  way  to  make  cold-brittle  determina- 

| tlona  was  to  drop  or  roll  a steel  bail  through  a diaphragm  of  film  and  then  to 

! inspect  the  geometry  of  the  resulting  tear  to  determine  whether  the  failure  was 

ductile  or  brtttle. 

From  1962  through  late  1964  the  balloon  failure  rate  became  excessively 
high.  Since  balloon  design  and  fabrication  had  not  been  altered,  one  of  '.he  major 
suspected  causes  of  this  high  failure  rate  was  an  undetected  change  in  the  proper- 
I ties  of  the  polyethylene.  The  normal  cold-brittleness  and  strength  tests  showed 

' no  differences  between  the  films  of  that  period  and  the  earlier,  more  successful 

films  of  the  late  I950's  through  1961.  In  lieu  of  any  discriminatory  test,  a 


Table  1.  Factors  Influencing  Cold  Brittleness  and  Strength  at  Failure 


Factors 

Cold -Brittle 
Point 

Temperature 

Failure 

Strength 

Incr  ease  pre-load 

Warmer 

Decrease 

Increase  pre-locd  temperature 

Warmer 

Decrease 

Increase  pre-load  time 

Warmer 

Decrease 

Warmer 

Increase 

Increase  pre-load  rnte 

Warmer 

Decrease 

proposed  solution  to  the  problem  was  simply  to  develop  films  capable  of  passing 
the  standard  cold-brittleness  test  at  temperatures  considerably  colder  than  -68°C. 
In  1964,  St ratoFiln@  became  the  first  film  especially  developed  to  meet  the  new 
criterion.  Both  StratoFilrrt^and  the  subsequently  developed  X-124  had  cold- 
brittle  points  at  or  belcw  -80°C.  The  use  of  these  films  immediately  brought 
about  a significant  increase  in  the  number  of  successful  balloon  flights,  a trend 
that  has  continued  to  the  present  time. 

Because  former  test  techniques  are  still  used  to  determine  cold  brittleness, 
changes  in  the  film  can  still  occur  without  d».tection  by  testing.  In  fact,  some 
films  which  now  pass  all  current  resin  and  finished  film  property  tests  (such  as 
having  a properly  low  brittle  transition  temperature,  adequate  uniaxial  tensile 
strength,  and  strong  heat  seals)  make  apparently  unreliable  balloon  systems. 

Records  n f many  actual  flights  have  helped  in  the  search  for  discriminatory 

tests  for  prospective  films.  Studies  showed  that  temperatures  and  handling  of  the 

balloons  at  ground  level  had  a significant  effect  on  the  altitude  at  which  brittleness 

2 

and,  hence,  fracturing  occurred!  Air  Force-sponsored  research  revealed  that 
subjecting  film  to  the  static  loading  characteristic  of  pre-launch  balloon  restraint 
could  cause  a significant  increase  in  the  temperature  at  which  the  film  became 
brittle  (t.  e. , the  film  became  brittle  at  a much  warmer  temperature  than  before  it 
was  stretched).  The  cold-brittle  transition  temperatures  of  films  that  had  ex- 
hibited problems  in  flight  were  found  to  have  been  significantly  altered  by  the  pre- 
loading;  successful  films  were  much  less  Influenced.  The  preloading  had,  in  a 
sense,  improved  the  test's  capacity  for  discriminating  between  good  and  bad 
films. 

Still  this  technique  has  a number  of  drawbacks,  including,  in  particular,  the 
necessity  to  obtain  specifically  fabricated  heat -sealed  cylinders  for  the  teat. 
Moreover,  actual  samples  from  production  balloons  could  not  be  directly 
evaluated,  the  testa  were  expensive  and  time-consuming,  and  the  parent  film 
could  not  be  evaluated  without  the  ever-present  seals  Influencing  the  results.  The 
development  of  the  race  track  technique  discussed  below  has  alleviated  these  prob- 
lems. 


S.  ttKOUMUM.  OUR\rn:WZ\TION 

In  mid- 1972  the  NSBF,  with  Texas  A4M  University,  Initiated  a program  to 
explore  means  of  developing  practical  test  methods  and  relevant  acceptance  criteria 
for  balloon  material  systems.  One  effort  has  been  the  development  of  methods  of 
mechanical  characterization  that  subjects  the  film  to  niultiaxial  stresses 
presumably  similar  to  those  induced  during  the  service  life  of  the  balloon  system. 
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5.1  Diapfcraps  Testers 

Each  of  the  three  types  of  diaphragm  testers  to  be  discussed  has  in  common 
the  followirg  features: 

(1)  An  environmental  chamber  in  which  the  low  temperatures  that  are 
characteristic  of  the  upper  atmosphere  can  he  maintained. 

(2)  A "diaphragm"  sample  holder  in  which  a sheet  of  film  wtth  or  without 
seals  can  be  clamped  along  its  edges  in  an  airtight  fashion  so  that  it  can  be 
inflated  to  failure. 

(3)  A pressurization  and  pressure  measuring  system,  with  the  capacity  for 
producing  constant  volume  flow  rate,  constant  film  stress  rate,  constant  strain 
rate,  constant  film  stress  or  constant  pressure. 

(4)  A film-height  monitor  and  a variety  of  strip  charts  to  record  all  events 
and  levels  important  to  balloon  materials  testing. 

5.  1.  1 RACE  TRACK 

The  race  track  device  (Figure  1)  is  a diaphragm  tenter  capable  of  applying 
a a = 2a  stress  field  to  the  specimen  where  a is  across  the  narrow  dimension 

y ^ y 

of  the  sample  holder.  The  race  track  geometry  simulates  a section  of  an 
inflated  cyclinder  and  allows  the  selective  characterization  of  anlsoiropic  films 
without  the  problem  of  edge  effects.  The  hoop  stress  in  the  film  is  computed  from 
knowledge  of  the  inflation  pressure,  radius  of  curvature  of  the  film,  and  film 
thickness  (o  = PR/t). 

The  film  and  its  holder  are  Inserted  in  the  chamber  (Figure  2)  and  liquid 
nitrogen  Is  injected  to  produce  a desired  low  temperature.  The  assembly  Is  al- 
lowed to  reach  equilibrium  and  the  film  Is  then  pressurized  to  failure.  Just  above 
its  cold-brittle  point  the  film  falls  by  smoothly  tearing  along  a fairly  straight  line 
normal  to  the  hoop  stress  (Figure  3,  top).  Below  its  cold-brittle  point  the  film 
shatters  Into  a jagged  tear  pattern,  exposing  "new"  surface  area  orders  of  mag- 
nitude greater  than  before  (Figure  3,  bottom). 

To  achieve  control  of  the  loading  or  strain  rate  it  is  necessary  to  relate  the 
geometry  of  the  tester  to  the  pressure  and  film  height.  The  racetrack  constrains 
the  specimen  to  inflate  into  a segment  of  a 9-tnch  long  cylinder  capped  by  seg- 
ments of  a sphere.  The  central  region  of  the  sample  is  subjected  to  a state  of 
plane  strain.  The  height  of  the  sample  1s  measured  with  a linear  variable  differen- 
tial transformer  mounted  at  the  center  of  the  sample.  For  a constant  strain  rate 
test,  the  inflation  gas  flow  rate  must  be  varied  to  produce  a h*»ght/ttme  trace 
that  equates  to  a constant  straln/ttme  trace.  The  geometric  relations  between 
the  diaphragm,  film  strain,  diaphragm  height  and  displaced  volume  are  shown 
In  Figure  4. 


tea 


Figure  1.  Race  Track  Sample  Holder  Figure  2.  Race  Track  Environmental 

Along  With  Tested  F'ilms  Showing  Due-  Chamber.  This  unit  contains  ail  the 

tile  (top)  and  Brittle  (bottom)  Fractures  necessary  elements  to  indicate  the 

induced  stress  and  strain  for  each 
test  temperature 


(A) 


(It) 


A typic  al  due  tile  failure  consists  <>f  a 
straight  line  tear  with  minimum 
exposed  new  surface  area 


When  the  sample  cools  below  its  cold 
brittle  temperature  for  a given  strain 
rate  its  failure  appears  a.s  a shatter- 
ing ex|K>sing  large  amounts  of  new 
surface  area 


Figure  I.  Typical  Rare  Track  Modes  of  Failure 
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Figure  4.  Relationship  Among  Strain,  Volume,  and  Height  for  a 3"  x 12"  Race 
Track  Teeter 


Of  particular  interest  is  how  to  conduct  a long  term  creep  test  with  the  film 
stress  held  constant  with  a diaphragm  tester.  The  problem  is  controlling  the 
parameters  in  the  stress  equation  a - PR/2t  where  P - inflation  pressure, 

R * radius  of  curvature  which  must  be  related  to  the  height  of  the  diaphragm  from 
its  flat  starting  position  (R  - <*>),  and  t is  the  film  thickness.  As  the  film  la 
pressurized  both  its  height  (radius)  and  thickness  are  changed.  The  balloon  films 
have  a Poisson's  ratio  of  0.  5;  that  is,  they  are  essentially  constant  volume  ma- 
terials. Under  this  assumption  the  actual  film  thickness  can  be  computed  for  any 
radius  of  curvature.  The  method  of  holding  the  film  stress  cons  .ant  as  required 
for  a creep  measurement  is  to  compute  the  relation  between  pressure  and  resulting 
film  height,  taking  into  account  the  change  in  thickness  as  necessary  to  hold  the 
value  of  PR/2t  constant.  A typical  plot  for  such  a calculation  is  shown  in  Figure  5. 
There  It  is  seen  that  initially  the  radius  effect  predominates;  then  the  thickness 
change  becomes  most  significant. 
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5.1.2  CIRCULAR  DIAPHRAGM  TESTERS. 

A small  10-inch  diaphragm  tester  (Figure  fi)  is  used  for  routine  testing  of 
isotropic  films.  A long  stroke  linear  variable  differential  transformer  (LVDT)  is 
used  to  measure  the  height  of  the  film.  This  device  is  especially  valuable  for 
measuring  creep  at  various  temperatures  and  loading  conditions.  The  LVDT  is 
mounted  on  a long  travel  precision  micrometer  useful  both  for  in  situ  calibration 
and  for  bringing  the  LVDT  back  to  null  following  initial  pressurization.  This 
enables  highly  accurate  observations  of  small  creep  levels.  An  arbitrary  function 
programmer  is  used  to  slave  the  pressure  to  film  height  in  order  to  obtain  desired 
loading  histories. 


Figure  6,  10-inch  Diaphragm' Test 
Facility.  The  diaphragm  base  is 
seen  through  the  walls  of  an  acrylic 
cold  chamber.  The  surrounding 
instrumentation  recoids  such  para- 
meters as  pressure,  temperature, 
and  film  height 


A large  42 -inch  diameter  diaphragm  tester  (Figure  7)  is  used  to  investigate 
the  macroscopic  influence  of  flaws,  heat  seals,  inflation  fittings  and  various 
methods  of  attachment  of  load  straps  on  the  structural  integrity  of  the  film.  A 
mirror  and  polaroid  filter  are  hinged  on  the  base  plate  such  that  large  field  ex- 
amination of  the  stress  pattern  indtcod  in  the  film  can  be  made,  A cylindrical  en- 
vironmental i hamber  attaches  to  the  tester's  articulated  support.  The  complete 
sy  stem  can  be  tilted  and/or  rotated  100°  for  control  of  applied  load.  The  cold 
chamber  can  be  rotated  with  respect  to  the  diaphragm  tester  to  locate  a view  port 
and  or  load  lines  for  observation  and  or  loading  at  any  [Hisition. 

For  each  test  performed  on  the  race  track  or  other  diaphragm  testers,  four 
items  (shown  in  f igure  H)  comprise  the  data.  The  top  sheet  is  the  pressure -time 
trace.  The  accord  sheet  !>  the  record  of  film  height  versus  time.  The  third  item 
is  the  test  sample  and  the  last  page  m Mu-  master  data  record  containing  film 
identification,  thickness  profiles,  etc. 


.'(It 


Figure  8.  Data  Records.  Four 
iteiiis  are  collected  from  each 
test:  the  pressure-time  trace, 
the  height-time  trace,  the  film 
•ample,  and  a master  data 
sheet 


5. 1.  3 MUTILATION  TESTER 

The  mutilation  tester  (Figure  9)  provides  the  means  for  determining  a 
figure  of  merit  for  comparing  the  ability  of  a polyester  type  film  to  withstand 
repeated  cross  folding.  This  facility  is  designed  to  subject  10-inch  diameter 
by  36-inch  long  tubes  of  balloon  film  to  repeated  cycles  of  extended  inflation 
and  collapsed  detlatlon  with  a full  twist  to  achieve  cross  folding  about  the  major 
axis  of  the  cylinder  being  superimposed  upon  the  collapsed  film.  A pair  of 
cylinders  is  mounted  within  the  test  frame  which  is  then  inserted  within  a tubular 
cold  chamber.  A leak  detector  is  used  to  signal  the  initiation  of  pin  holes  or 
tears  and  a counter  records  the  number  of  cycles  to  failure. 


Figure  9.  Mutilation  Tester,  The  tester 
is  shown  standing  beside  its  environmental 
chamber  where  one  of  two  film  cylinders 
is  visible  luring  one  half  cycle.  The 
device  twists  and  crushes  one  of  the 
cylinders  while  untwisting  and  inflating 
the  other.  The  completion  of  the  cycle 
reverses  the  roles  of  the  two  cylinders. 


203 


Figure  10.  Polarisropc.  Each 
sample  cut  for  testing  is  examined 
for  flaws  within  the  field  of  the 
polarlseope.  Also  visible  in  the 
figure  are  one  of  two  large  field 
magnifying  glasses  useful  in  examin- 
ing the  film  surface 


Figure  11.  Micrometer  and 
Microscope.  The  movable  stage 
eases  the  job  of  profiling  films. 

A Starrett  precision  micrometer 
is  used  to  measure  the  thickness  and 
the  microscope  is  used  to  examine 
any  film  discontinuity 


5.1.4  POEARISCOPE 

Twin  large  field  (21-in.  dia.  ) Polaroid  plates  mounted  on  a rail  plus  a pair  of 
10- inch  diameter  magnifying  lenses  comprise  this  examination  system  (Figure  10), 
Each  balloon  sample  W optically  scanned  while  in  the  polarlseope.  Any  irregular- 
ity, color  bands,  and  light  or  dark  spots  are  causes  of  rejection.  A slight  stress 
is  oftc.  lecesaary  to  cause  microscopic  irregularities  to  show. 

5.  . . THICKNESS  MEASUREMENT  

A Starrett  micrometer  capable  of  resolving  a thickness  of  0.05  mils  (tl.  5 
mils  full  scale)  has  been  mounted  on  I he  barrel  of  a microscope  (Figure  11)  such 
that  a film  can  be  translated  under  the  probe  by  means  of  the  stage  micrometers. 
Varioua  magnifications  enable  the  film  surface  to  be  scanned  for  flaws  not 
evidenced  by  the  thickness  profile. 

Observations  made  with  the  scanning  beam  electron  microscope  have  ptovided 
one  of  the  major  reason*  for  the  interest  in  dUphiagm  testers  for  material 
characterisation.  Uniaxial  samples  cut  with  a shear  produce  edges  typical  of 
thoaa  ahown  in  Figure  12  (magnlftr.  lion  lOPx),  View  at  20,  OOOx  even  of  the 


/ 
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Figure  12.  Shear  Cut  Edge  of 
Polyethylene.  A look  at  lOOx 
magnification  shows  the  severe 
edge  damage  which  causes  ultimate 
properties  to  scatter  badly 


finest  blade  cut  specimens,  show  large  fissures  and  cracks.  The  obvious  ir- 
reyilarities  cause  the  ultimate  properties  to  scatter  badly. 


6.  EXPERIMENTAL  RESILTS 

3 4 

Following  the  lead  of  Kerr  and  Alexander  where  creep  was  shown  to  cause 
a deterioration  in  the  mechanical  properties,  various  loading  techniques  were 
explored  to  simulate  these  earlier  tests.  With  the  race  track  device,  it  was  found 
that  long  term  creep  load  influences  could  be  simulated  by  short  term  extensions. 

Pre-stretching  the  balloon  films  to  extension  ratios,  X (final  length/ initial 
length),  up  to  2.0  emphasizes  the  differences  among  othe:-wise  similar  films. 

In  this  technique  the  films  are  cut  to  a rectangular  shape.  IS  x 38  cm;  one  end 
is  clamped  to  a load  frame,  and  the  other  is  stretched  to  the  extent  necessary  to 
achieve  any  given  extension  ratio.  The  films  are  held  stretched  at  the  same 
extension  ratio  by  the  sample  holder  which  is  bolted  together,  sandwiching  the 
already  stretched  film  between  its  plates.  (See  Figure  13.) 

Tests  were  made  from  sections  cut  from  films  of  actual  balloons  that  had 
failed;  these  results  were  then  compared  with  those  from  tests  on  new  material 
known  to  have  come  from  film  lots  that  had  performed  satisfactorily. 

Figures  14  and  15  show  results  from  these  early  tests.  In  both  instances, 
fairly  well  defined  cold-brittle  temperatures  were  determined.  A cold-brittle 
temperature  was  also  tounh  for  material  specimens  containing  heat  seal".  These 
two  sets  of  data  represent  the  first  time  that  inflation  of  a diaphragm  of  film  had 
been  used  to  determine  a cold-brittle  point.  They  also  are  the  first  sets  of  data 
to  indicate  a shift  in  the  cold-brittle  point  when  a heat  seal  is  introduced  into  the 
film. 
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(A)  (B) 

Figure  13.  Two  Methods  of  Preloading  the  Test  Samples  Have  Been  Utilized. 

In  the  first,  (A)  the  sample  was  clamped  under  a constant  load  inducing  creep  for 
a period  of  time.  Then,  while  still  under  load,  it  was  bolted  into  a race  track 
holder  and  immediately  inserted  into  the  cold  chamber.  The  second,  and  simpler, 
method  (B)  is  where  the  sample  is  stretched  and  held  at  a fixed  extension  while 
being  bolted  into  the  sample  holder.  As  before,  the  sample  is  immediately 
inserted  into  the  cold  chamber 


<°C) 


(°C) 


— cord  Brittle  Point 

A Brittle  Failure 


Figure  14.  Race  Track  Cold 
Brittleness  Determination  of  0.  70  mm 
StratoFUm^  with  no  Preload 


Figure  15.  Race  Track  Cold 
Brittleness  Determination  for 
0.  75  mm  X-124  With  No  Preload 
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The  next  phase  of  testing  was  to  determine  the  cold-brittie  points  on  "old" 
and  "new"  DFD  5500  balloon  films.  These  are  the  films  which  only  the  pre-loaded 
cylinder  tests  had  previously  been  able  to  discriminate  as  being  "good"  and  "bad, " 
respectively.  As  expected,  when  tested  in  the  diaphragm  tester  in  an  unstretched 
condition,  both  films  indicated  almost  identical  cold-brittle  points.  This  result 
corresponds  with  those  from  unloaded  cylinder  tests  which  also  revealed  no  dif- 
ference between  the  two  films. 

Techniques  were  then  established  for  stretching  the  film  to  the  specified 
elongation  percentages.  The  "race  track"  holder  was  clamped  on  the  stretched 
specimens.  These  samples  were  then  cooled  in  the  chamber  and  inflated  to 
rupture.  Figures  16  and  17  give  the  results  of  tests  performed  in  this  way  on  the 
old  and  new  DFD  5500  film.  These  results  indicate  a marked  difference  in  the 
cold-brittle  point  for  any  greater  than  1.0  for  the  two  films. 

This  research  indicates  that  a valuable  method  of  generating  acceptance 
criteria  for  films  and  heat  seals  is  to  measure  both  the  biaxial  film  strength 
and  the  influence  of  extension  ratios  on  the  brittle  transition  temperature.  An 
"envelope"  curve  can  thus  be  generated  for  each  good  and  bad  film  which  can 
serve  both  as  a check  on  each  new  batch  of  good  film  and  as  a standard  for  com- 
parison with  any  candidate  film.  Such  test3  will  serve  adequately  during  the 
period  necessary  for  discovering  the  true  nature  of  the  film  microstructure 
(molecular  type,  crystallinity,  cross-link  density,  entanglements,  etc. ) and" how 
it  is  influenced  by  extrusion,  heat  sealing,  and  launch  and  flight  loadings. 


& old  DFD  5500  film  Cold  Brittle  Point 

O V :w  DFD  5500  film  Old  DFD  5500  film 

(solid  figures  denote  brittle  failure)  New  DFD  5500  film 

Figure  16.  Race  Track  Cold  Brittle-  Figure  17.  Race  Track  Cold 

ness  Determination  for  Old  and  New  Brittleness  Determined  for  Old  and 

DFD  5500  With  No  Preload  New  DFD  5500  With  Preload  That 

Induced  an  Extension  Ratio  of  1.  5 
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7.  CONCLUSIONS 


The  development  of  instrumentation  with  which  to  generate  a realisttc  film 
stress  history  on  a diaphragm  tester,  devoid  of  specimen  edge  effects,  is  ex- 
pected to  significantly  improve  the  relevancy  of  materials  characterization. 

The  viscoelastic  fracture  mechanics  approach  is  expected  to  yield  a cumula- 
tive damage  "law"  which  will  account  tor  the  stress  history  prior  to,  during,  and 
after  launch  including  the  day/night  stress  cycling.  The  large  diaphragm  tester 
has  provided  valuable  stress  distribution  data  through  the  use  of  the  photoelastic 
effect  and  is  expected  to  produce  even  more  spectacular  information  when  the 
photoelastic  measurements  are  conducted  at  low  temperatures  where  the  flaw 
criticality  is  enhanced. 

The  race  track  is  valuable  for  the  determination  of  cold  brittle  temperatures, 
especially  as  enhanced  by  creep  or  preloading,  as  well  as  valuable  for  stress- 
strain  characterization  with  temperature  and  strain  rate  as  parameters. 
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Abstract 


Modern  scientific  ballooning  dates  from  the  Introduction  of  synthetic,  polymer 
films.  The  contribution  of  balloons  to  scientific  research  is  largely  due  to  the 
refinement  of  these  and  more  recently  available  materials.  Geometric  growth  in 
the  number  of  new  materials  has  been  accompanied  by  development  of  necessary 
techniques  for  more  effective  material  selection  and  application.  Simultaneous 
design  of  materials  and  the  products  which  incorporate  them  has  become  common- 
place. However,  many  designers  and  users  of  balloons  and  other  flexible  struc- 
tures continue  to  regard  material  application  in  traditional  ways. 

To  illustrate  more  effective  methods,  a strategy  is  discussed  along  with 
definition  of  material  requirements  and  generation,  characterization,  evalua- 
tion and  screening  of  materia)  candidates  for  a powered  balloon  (HASPA),  a long- 
duration  ba’^on  application  and  heavy  load,  natural  shape  balloons.  Elastic  and 
viscoelastic  stiffness,  strength,  creep,  permeability,  puncture  and  fold 
resistance,  transparency,  and  UV  stability  requirements  are  outlined.  For  a 
representative  assortment  of  films  and  film-fiber  composites,  preliminary 
evaluation  is  made  of  the  biaxial,  shear  and  tear  stiength,  creep  effects,  per- 
meability, transparency,  and  UV  stability.  Sc reentng  methods  are  considered  and 
an  example  of  material-requirement  trades  la  given. 
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Preceding  page  Hank 


1.  INTRODUCTION 


In  the  put,  material  selection  for  a given  application  was  a casual  process. 
Engineers  relied  heavily  on  previous  experience  to  fit  to  the  requirements  the  few 
materials  with  which  they  were  familiar.  Under  these  circumstances,  material 
changes  took  place  gradually  and  each  change  provided  only  a small  improvement. 

More  recently,  increases  in  the  variety  of  materials,  the  rise  of  new  and  more 
severe  service  requirements,  and  the  demand  for  lower  costs  have  made  such 
haphazard  approaches  obsolete.  Necessarily,  effective  material  selection  has  be* 
come  a complex  process,  operating  throughout  the  entire  span  of  product  evolution 
and  involving  a number  of  technical  disciplines: 

. Analytic  procedures  have  beer,  developed  to  deal  with  the  complex  inter- 
actions between  performance  requirements  and  material  properties. 

, The  growing  use  of  composite  materials  has  created  a manifold  increase 
in  the  options  available  to  the  designer.  1 

. Materials  selection  is  pursued  as  a full-tim^ technical  special  y, 

operating  as  an  adjunct  to  more  traditional  design  and  manufacturing 
disciplines. 

The  materials  selection  process  in  product  development  is  distinctly  different 
from  material  improvement  !«  existing  end  Items.  In  the  former,  it  tends  to  be 
specific,  directed  and  hardware  oriented.  In  the  latter,  it  has  a less  formal, 
unasslgned  character. 

At  the  concept-formulation  state  of  product  development.  Table  1,  character- 
istics and  limitations  of  existing  materials  may  suggest  concept  modifications. 

If  the  limitations  are  lack  of  sufficient  performance  or  design  data,  a develop- 
ment program  may  be  warranted  to  fill  the  information  gap.  Or  a modification 
program  may  be  initiated  to  obtain  a material  that  meets  concept  requirements. 
Analysis  of  orincipal  material  requirements  is  an  important  part  of  feasibility 
study. 

As  the  concept  is  reduced  to  a practical  engint  ering  design,  a major  share 
of  the  materials  evaluation  is  performed.  Performance,  cost,  produciblllty  and 
lellablllty  of  candidate  materials  are  analyzed  in  detail. 

As  preparations  are  made  for  fabrication  of  prototype  and  follow-on  units, 
design  modifications  which  are  made  to  use  existing  facilities  or  to  achieve 
production  economies  may  require  significant  material  changes.  As  fabrication 
begins,  material  problems  in  joining  or  finishing  rAay  arise  requiring  further 
changes . 

The  actual  material  selection  for  a specific  product  is  rarely  as  smooth  and 
compartmented  as  suggested.  Material  changes  in  later  development  phases  fre- 
quently require  iteration  through  previous  phases,  for  exampls.  Howevsr,  the 
principle  of  beginning  with  a wide  field  of  candidates  and  progressively  narrowing 
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Table  1.  .Material  Selection  Activities  During  Product  Evolution 


Development  Phase 

Selection  Activities 

Concept  Formulation 

• Trade  concepts  between  material 
characteristics 

, Generate  field  of  material 
candidates 

• Fill  information  gap  on  material 
properties,  producibility 

Engineering  Design 

, Detail  analysis  of  performance, 
cost,  proc'ucibilitv  of  candidate 
materials 

s Choose  prototype  material(s) 

Prototype  Evaluation 

t Change  materials  to  fit  existing 
facilities  or  to  achieve  other 
production  economies 

, Correct  material  deficiencies 
revealed  by  tests 

Production 

• Change  materials  to  correct 
joinery,  finishing  and  other 
fabrication  problems 

it  by  test  and  interaction  with  the  evolving  design  has  repeatedly  demonstrated  its 
effectiveness  in  improved  products. 

There  are  many  reasons  for  considering  material  changes  in  existing  products 

despite  the  technical,  econoriic  and  political  "inertia"  attached  tc  incumbent 


materials: 

. Improvement  of  functional  performance,  rei.ability  or  service  life 
of  a product  by  taking  advantage  of  a new  material  or  processing 
development; 

. Use  of  a lower  cost  basic  material  or  a lower  cost  form  or  part 
of  that  material;  or 

. Reduction  of  production  costs  by  substitution  of  a lower  cost  process 
or  by  elimination  of  a production  problem. 

Material  changes  in  existing  products  are  the  result  of  generalized  study 
programs  carried  out  to  find  solutions  to  broad  material  problem  areas  affecting 
current  and  future  end  items. 

The  emphasis  in  material  selection  has  snifted  front  what  nature  provides  to 
what  mar.  requires.  The  tools  have  become  available  for  designing  the  material, 
along  with  the  product. 
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The  number  of  inquiries  received  by  SheldaU  concerning  materials  designed 
for  previous  applications  indicates  that  a large  number  of  designers  continue  to 
select  materials  in  the  traditional  way.  Of  course,  there  are  sound  reasons  for 
considering  existing  materials.  "Demonstrated  suitability"  is  rarely  one  of  these. 
A material  choice  without  consideration  of  the  specific  requirements  of  the  end 
item  and  without  regard  for  the  variety  of  alternative  materials  is  poor  manage- 
ment of  money  and  time.  Use  of  material  science  in  design  won't  guarantee  a rela- 
tive "optimum"  material.  It  will,  however,  greatly  increase  the  likelihood  of 
saving  money  «nd  obtaining  superior  performance. 

To  illustrate  how  this  may  be  applied  in  balloon  design,  preliminary  require- 
ments and  material  candidates  for  three  specific  balloon  missions  are  discussed  in 
parallel  and  the  alternatives  for  or.e  potential  use  are  evaluated. 


2.  material  selection  strategy 

Material  selection  is  fundamentally  similar  to  any  other  decision-making 
process  because  success  tends  to  depei.d  on: 

• Adequate  definition  of  the  requirements, 

• Adequate  knowledge  of  available  options,  and 

• A rational  method  for  selecting  the  relative  "best"  alternative. 

Material  ••equirementa  ior  balloon  applications  are  often  unclear,  especially  at  the 
outset,  because  of  the  remote  service  environment.  Data  on  low  temperature 
mechanical  properties,  UV  stability  and  similar  material  properties  Important  to 
balloon  use  are  particularly  lacking  even  for  commonly  available  materials.  If  the 
essential  requirement  and  propery  data  are  not  identified  early  in  the  selection 
process,  and  missing  information  obtained,  considerable  waste  may  occur  in  later 
phases  when  heavy  commitments  have  been  made. 

On  the  surface,  material  requirements  implied  by  a design.  Table  2,  may 
appear  either  as  absolute,  quantitative  attributes  ltke  strength  and  weight,  or  as 
relative,  qualitative  ones  like  "producibllity"  and  "handling  resistance"  which  are 
to  be  made  "large"  or  "small",  consistent  with  other  requirements.  The  distinc- 
tion blurs  when  we  consider  that  weight  and  strength  are  random  variables  with 
values  scattered  around  a mean  and  that,  given  a sufficient  reason,  we  can 
numerically  characterize  properties  like  material  response  to  handling. 

A breakdown  of  material  requirements  into  categories.  Table  2,  helps  in 
assembling  the  field  of  material  candidates  by  focusing  the  designer  on  a small 
number  of  attributes  at  one  time.  Selecting  a material  to  meet  each  of  the  require- 
ments, starting  with  the  most  critical,  la  a useful  technique.  Past  experience 
and  current  practice  will  suggest  additional  candidates. 
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Table  2.  Examples  of  Material  Requirements  Classed  l>v  Category 


' ■ ' 

Requirement 

Category 

Example 

Cunrtional 

Mechanical,  phy.  icai,  thermal  requirements 

Environmental 

Radiation  and  chemical  requirements 

Reliability 

Standard  materials  are  usually  more  reliable 
than  new  materials 

Froducibility 

Handling  resistance,  seam  efficiency,  stock 
dimensions  and  weights 

Cost 

• Erd  item  cost  target 

• Cost  of  product  failure 

• Cost  per  unit  material  property 
($  lb,  S/psi,  etc.) 

• Cost  to  obtain  design  data 

• Cost  to  define  any  new  process  required 
for  use  of  material 

Service  Life 

Time  response  of  materia!  to  static  and 
cyclic  loads,  radiation,  ozone,  etc. 

Materials  with  serious  shortcomings  can  often  he  made  acceptable  by  com- 
bining them  with  another  material  in  a composite.  The  list  of  candidates  can  be 
held  to  manageable  size  by  rejecting  the  least  desirable  ones,  based  on  a cursory 
survey. 

A test  program  is  usually  required  to  obtain  material  data  not  available  from 
published  sources. 

Evaluation  and  screening  of  the  alternatives  should  begin  with  the  most 
critical  requirement.  Requirements  can  be  ranked  by  means  of  failure  analysis 
or  similar  analytic  technique. 

.1.  bXl  fOON  PI  HHIRMXM  K HMJI IREMIATS 

1’erfoi  nance  requirements  for  three  balloon  applications  are  summarized  ir 
the  sketch  at  the  top  of  the  following  page. 
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3.1  High  Mtitada.  SuperproMre.  Po»ec*2  Aaroalal  (HAjPA) 

Thi*  will  be  used  as  a communications  relay  platform  with  limited  station- 
keeping ability  (Petrone,  1974).  The  volume  is  to  be  limited  to  less  than  one 
million  cubic  feet.  On“  design  concept  consists  of  a class  "C"  shaped  hull, 

370  feet  long  by  75  feet  in  diameter.  Preliminary  analysis  indicated  the  minimum 
allowable  internal  pressure  to  resist  buckling  would  be  about  one  inch  of  water 
(column)  and  the  maximum  superpressure  will  be  about  four  Inches  of  water.  The 
balloon  will  be  launched  in  the  flaccid  state  like  a conventional  free-flight 
balloon. 

3.2  Losg-DaraUea  PlatfofWt  (LOP) 

About  three  dozen  scientific  groups  working  In  the  atmospheric  sciences  and 
in  Infrared,  X-ray,  gamma  ray  and  cosmic  ray  astronomy  require  a scientific  plat- 
form which  can  be  developed  in  une  to  two  years  to  support  500  pounds  at  a 
3 -millibar  pre  ssure  altitude  for  several  months.  The  National  Scientific  Balloon 
Facility  under  sponsorship  of  NSF  has  initiated  a development  program  for  the 
necessary  halloo -.a  and  electronics. 

Since  the  suf>erpressure  stress  in  the  cnve.ope  is  abou’  ten  times  larger  than 
the  load  suspension  »'~ess,  It  has  been  assumed  here  thet  a sphere  is  the  most 
eificlent  shape.  Based  on  materials  previously  used  for  large  auperpressure 
spheres,  a balloon  diameter  of  20")  to  300  feet  is  indicated. 
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3.3  Heavy  Load,  Free-Flighl,  Zero  Pressure  Balloons 

When  introduced  in  the  1950's,  polyester  films  proved  generally  unsuitable 
for  balloons  because  of  poor  tear  resistance.  In  1960,  ONR  sponsored  a develop- 
ment program  to  reinforce  polyester  film  with  a woven  scrim  of  DACRON.  Heavy 
load  balloons  of  polyester  film -yarn  composites  have  established  a high  reliability, 
record  since  that  time. 

In  the  interim,  polyethylene  balloons  with  polyester  tapes  arranged  along 

seams  have  been  highly  refined  for  heavy  load  applications.  Under  unfavorable 

wind  or  temperature  conditions,  however,  a considerable  number  of  material 

0 

failures  have  occurred  in  balloons  with  envelopes  larger  than  20  x 10  cubic  feet 
and  loads  in  excess  of  3000  pounds.  To  extend  the  balloon  capabilities  of  poly- 
etheylene  film,  NSBF  and  ONR  have  sponsored  a program  to  develop  yarn-reinforced 
polyethylene.  A suitable  adhesive  system  was  demonstrated  for  bonding  DACRON 
yarn  to  polyethylene  film,  material  samples  were  produced,  and  various  seam  con- 
figurations evaluated  (Morfitt,  1972),  and  additional  seam  development  was  con- 
ducted (Fouchard,  1973;  Munson,  1974).  A 40-foot  diameter  test  balloon  was  con- 
structed for  hanger  inflation  to  evaluate  material  and  seam  performance  in  a large 
structure. 


4.  BALLOON  MATERIAL  REQUIREMENTS 

Some  requirements  are  set  by  the  structural  configuration;  others,  by  the 
service  environment  and  by  the  particular  ways  in  which  balloons  are  fabricated, 
transported  and  launched.  The  list  below  is  not  exhaustive,  but  will  serve  to 
illustrate  preliminary  definition  of  the  application-material  interface. 

4.1  Mechanical  Properties 

4. 1. 1 STIFFNESS  REQUIREMENTS 

Altitude  stability  is  usually  an  important  performance  requirement  for  super- 
pressure balloons.  Changes  in  altitude  caused  by  diurnal  temperature  fluctuations 
and  material  creep  depend  on  the  inherent  tensile  stiffness  of  the  material. 

Figure  1 shows  how  the  minimum  required  stiffness  (modulus  times  thickness) 
varies  with  allowable  altitude  changes.  The  diurnal  (short-term)  material  stiff- 
ness was  assumed  to  be  the  elastic  (Young's)  modulus.  Diurnal  changes  are  as- 
sumed to  be  elastic  and  recoverable.  The  long-term  (apparent)  stiffness  was  taken 
as  the  ratio  of  average  diurnal  material  stress  to  total  creep  deformation  over  the 
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Minimum 

Stiffness 

Coefficient 

(lb/in. ) 


• Supertemperature,  ''5°C 

• Free  Lift,  151 


Allowable  Altitude  Change,  ft 


Figure  1.  Material  Stiffness  Required  to  Maintain  Balloons  Within 
Various  Altitude  Ranges 


service  life.  The  latter  can  be  determined  by  extrapolation  from  constant  load 
creep  tests  at  appropriate  temperatures  and  stress  conditions.  Creep  causes  a 
superpressure  balloon  to  grow  in  size  and  to  float  higher.  Both  effects  raise  the 
material  stress.  Material  rupture  will  occur  if  the  creep  modulus  is  low  enough 
(Lally,  1967). 

Tensile  stiffness  in  zero  pressure  balloons  is  much  less  important  than 
material  strength. 

4.  1.2  STRENGTH  REQUIREMENTS 

The  maximum,  internal,  pressure  stress  in  a superpressure  balloon  is 
usually  many  times  larger  than  local  stresses  applied  by  the  load  suspension 
system,  simple  membrane  theory  will  serve  for  preliminary  characterization. 
Taking  the  radius  R at  the  maximum  diameter  and  the  ratio  of  maximum  super- 
pressure to  ambient  pressure:  AP/Pa  = F + (1  + F)  AT/T^,  for  the  conservative 
values  of  free  lift,  F = 0.  15  and  supertemperature  AT  = 25°C,  the  required  opera 
ting  material  strength  is  obtained,  Table  3. 
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Table  1.  Strength  Requirements  - Operation 


Stress 

Balloon 

Direction 

Function 

Maximum  Value 

HASPA 

Hoop 

APxR 

96  lb 'in. 

Axial 

AP  x R/2 

48  lb/ in. 

LDP 

(All) 

10  lb/in. 

Material  requirements  implied  by  localized  load  suspension  stresses  require 
detailed  analysis  and  testing  at  the  engineering  design  phase. 

Since  all  three  applications  considered  will  be  launched  in  the  flaccid  state, 
material  deployment  stresses  must  be  considered.  The  arrangement  of  material 
in  a typical,  partially  deployed  balloon.  Figure  2,  is  generally  nonuniform  and 
the  stresses- cannot  be  p-edicted  analytically  except  within  broad  limits.  The 
enormous  surface  ar-ia  of  a typical  balloon  and  the  lack  of  suitable  instrumenta- 
tion have  hindered  stress  distribution  measurements. 


Figure  2,  Typical  Partially  Deployed  Balloon  Envelope 
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£ Monwvw,  trltxUl  r*tnforc«»nt,  0.5-inch  /« m *p*c1r>9 


Unit  Lift  of  Hcliuai  «t  floit 
Altltud*  - 8 Ob/cu  ft) 


Figure  3.  Ultimate  Material  Strength  at 
-70°C  for  67  Free  Flight,  Natural  Shape 
Balloons  Made  of  DACRON-Reinforced 
MYLAR  Film,  (L  = Weight  of  suspended 
load) 


Ultimate  tensile  and  shear  capa- 
bilities of  the  envelope  material  in  a 
group  of  polyester  film -yarn  balloons 
flown  from  1962  to  1972  are  shown  in 
Figure  3.  Strength  data  are  presented 
in  terms  v,f  gas  dens  ty  at  float  altitude 
and  the  suspended  load  which  affect  en- 
velope size  and  material  stress  intensity. 
Although  other  factors  like  ambient 
temperature  and  wind  shear  during 
ascent  may  be  more  important  in  deter- 
mining success  or  failure,  the  informa- 
tion available  at  the  design  stage  is 
typically  limited  to  payload  and  altitude. 

The  data  serve  to  indicate,  approxi- 
mately, the  levels  of  material  strength 
which  have  withstood  actual  deployment 
stresses.  Strictly  speaking,  they 
apply  only  to  natural  shape  balloons 
made  of  yarn-reinforced  polyester  film. 
For  the  applications  considered  here 
see  Table  4. 
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Table  4.  Strength  Requirements  - Deployment 


Balloon 

HA  SPA 

" 1 — 1 “■  " 
LDP 

Natural  Shape, 
Zero  Pressure 

Suspended  Load  (L) 

1 . 700  lb 

500  lb 

8,000  lb 

Altitude 

67,  000  ft 

130,  000  ft 

1 00,  000  ft 

1 nu  Hel  im  Lift  (B't 

4. 5 x 10'3 
lb/cu  ft 

2,3  x 10"4 
lb/cu  ft 

9.2  x 10*4 
lb/cu  ft 

Tensile  Strength 
(Meridional) 

24  lb/in. 

12  lb/in. 

72  lb/in. 

Shear  Strength 

2 lb/in. 

1 lb/in. 

6 lb/in. 
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4.2  Requirements  (or  Gas  Barrier  integrity 


Experience  indicates  that  gas  leakage  through  small  holes  is  the  most  common 
failure  mode  for  superpressure  balloons.  Figure  4 indicates  that  one  hole  (or 
equivalent  aggregation)  oil  the  order  of  0.  1 to  1 inch  diameter  will  reduce 
superpressure  in  the  HASPA  and  LDP  balloons  to  the  minimum  acceptable  value 
within  the  required  operating  life.  The  balloons  must  be  fabricated  to  this 
standard  and  resist  gas  barrier  damage  during  packaging,  inflation,  launch  and 


75  ft  Oiumter 


250 


HASPA  LDP 


Urtjer  Olaatttr  of  Hole  - 2«  (In.) 

Supat twporituro : 40°F;  Frot  lift:  15*;  OHctarge, Coofflclont.  0.5 

Figure  4.  Effect  of  Elliptical  Hole  in  Balloon  Wall  on  Service  Life 


221 


ascent.  Since  HASPA  has  a surface  area  of  about  70,  000  cubic  feet  and  LDP  about 
three  times  that  value,  the  material  chosen  must  be  highly  damage-resistant  and 
extraordinary  handling  measures  must  be  applied  to  safeguard  barrier  integrity. 

Material  candidates  can  be  ranked  according  to  damage  resistance  by  apply- 
ing a controlled  folding  or  creasing  action  using  a twist-flex  apparatus,  Bally 
flexometer  or  similar  technique  tKeen,  1974).  It  is  probably  not  feasible  to 
completely  characterize  the  forces  applied  to  the  material  during  fabrication  and 
operation. 

The  balloon  area  and  volume  also  determine  the  minimum  material  thickness 
required  to  control  pressure  lo3S  by  permeation.  Lally  ;'967)  suggests  that 
plastic  films  for  extended  duration  superpressure  balloons  should  have  a minimum 
permeability  of  4 x 10  11  std  cc-cm  per  sec  per  sq  cm  per  cm  Hg  pressure. 

Zero  pressure  balloons  flown  for  a few  days  are  far  more  tolerant  of  localized 
gas  barrier  damage  because  of  the  lower  pressure  and  expendable  ballast  usually 
carried. 

4.3  Traasparcacy  Reyiiraaeali 

Ideally,  materials  for  any  balloon  flown  more  than  24  hours  should  be 
transparent  to  the  entire  spectrum  of  solar  ard  earth  radiation.  Practically, 
the  radiation  properties  of  a balloon  material  largely  determine  the  diurnal 
temperature  extremes  of  the  confined  gas.  These,  in  turn,  determine  the  pressure 
sustained  by  a superpressure  balloon  or  the  ballast  expenditure  for  a zero  pressure 
balloon. 

Analytical  methods  have  been  developed  for  determining  balloon  thermal 
response  based  on  material  radiation  properties.  More  experimental  verification 
of  these  techniques  would  be  desirable  (Kreith,  1971). 

4.4  Lltraviolrl  Stability  Reqaireacnl* 

Available  evidence  on  superpreosure  balloons  made  of  polyester  film  indicates 
that  the  practical  operating  life  is  determined  by  material  photo-degradation. 
Average  life  varies  inversely  with  altitude  and  balloons  which  drift  into  the 
Antarctic  night  have  lives  extended  in  proportion  to  the  time  sunlight  is  absent. 

With  few  exceptions,  organic  polymers  exposed  to  sunlight  are  chemically 
changed,  causing  deterioration  of  properties.  Ultraviolet  radiation  energy,  even 
at  the  Earth's  surface,  is  sufficient  to  rupture  most  chemical  bonds  in  polymers. 
Typical  exposure  effects  are; 

• Changes  in  material  radiation  properties, 

• Cracking  and  crazing  of  surfaces,  and 

• A reduction  in  strength  and  ductility. 
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Unfortunately,  it  is  extremely  difficult  lo  simulate  the  UV  radiation  environ- 
ment for  a balloon  material.  Materials  and  stability  treatments  can  be  ranked  by 
testing  samples  exposed  on  the  ground,  but  reliable  deterioration  rates  can  only 
be  obtained  from  samples  exposed  at  the  balloon  operating  altitude  (Tobin, 
1973-74). 

3.  MATERIAL  CANDIDATES 
S.  I ladi'iduaJ  Ellas  sad  Yams 

Figure  5 shows  polymer  films  and  fibers  suggested  by  previous  balloon  use. 

There  are  many  variants  of  these  candidate  materials  which  differ  slightly 
in  mechanical  and  physical  properties.  Other  commercially  available  films  and 
fibers  might  be  considered,  such  as  FEP  fluorocarbon  film  which  has  superior 
transparency  and  UV  stability.  The  list  or.  the  preceding  page  will  serve  to 
illustrate  the  selection  process. 
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Figure  5.  Candidate  Materials 
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5.2  Coabiaatioss  of  Filas,  Coaling  and  Yams 

Most  current  balloons  use  several  materials  in  combination  to  enhance 
strength,  gas  barrier  efficiency,  or  other  properties.  Polyester  film,  super- 
pressure  balloons  are  generally  made  of  two  film  layers  bonded  together  to  seal 
small  holes  in  the  stock  film.  Most  heavy  load,  natural  shape  balloon  envelopes 
consist  of  polyethylene  film  reinforced  with  high-strength  fibers  bonded  along  the 
seams. 

Different  films  can  be  laminated  or  coatings  applied  to  improve  permeability 
and  increase  resistance  to  flex  damage  and  puncture.  Ultraviolet  stabilizer 
systems  are  available  as  additives  for  the  film  resin  or  as  surface  coatings. 

When  combinations  of  films  and  yarns  are  considered,  film  selection  can  be 
based  primarily  on  transparency,  damage  resistance  and  similar  attributes  since 
strength  and  stiffness  car.  be  provided  by  the  yarns.  Although  films  and  yarns 
come  in  relatively  few  stock  thicknesses,  strength  can  be  closely  matched  to 
applied  loads  by  varying  yarn  spacing.  Open  weave  fabrics  or  nonwoven,  multi- 
axial  yarn  arrays  can  be  applied  to  films  with  equipment  similar  to  that  used  for 
reinforcing  paper  and  films  for  building  construction  (Figure  6).  The  rotating 
drum  winds  yarn  around  cables  at  both  edges  of  the  v.’eb  to  obtain  two,  diagonal 
yarn  arrays.  A third  array  is  aligned  with  web  travel  direction.  The  cables 
carry  the  diagonal  yarns  through  rollers  which  bond  the  yarns  to  the  film.  Yarns 
are  cut  at  the  web  edge  so  the  cables  can  recirculate.  By  varying  the  number  of 
supply  spools  and  the  speeds  of  drum  and  web,  the  angle  and  spacing  of  yarns  can 
be  continuously  varied. 

Figure  7 shows  how  composite  production  methods  have  been  adapted  to 
various  end  uses.  Pressurized  spheres  require  a symmetric  construction. 

Figure  7a.  Unequal  principal  stresses  in  an  aerodynamic -shaped  balloon  permit 
weight  reductions  by  adjusting  the  amount  of  yam  to  the  load  in  each  direction. 
Figure  7b.  With  automatic  controls,  weight  can  be  saved  by  varying  the  number 
of  yarns  per  unit  width  over  a balloon's  surface  to  match  a varying  stress  field. 
Figure  7c. 

5.3  Strength 'height  Properties 

For  a given  polymeric  material,  pressure  vessels  made  of  film  or  sheet  will 
weigh  less  than  those  made  of  the  same  polymer  in  fabric  form.  Although  the 
fiber  usually  has  a higher  strength-to-weight  ratio  than  the  film,  two  sets  of 
fibers  are  required  to  resist  the  biaxial  stresses  and  additional  material  is  needed 
to  seal  the  spaces  between  yarns. 
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fabric  or  fiber  composite  materials  ran  provide  weight  savings  through  use 
of  material  like  KEVLAR  aiamici  fiber  wnich  has  a superior  strengih-to-weight 
ratio,  but  is  not  available  in  sheet  form. 

Like  three-dimensional  composites,  strength  and  stiffness  of  films  reinforced 
with  parallel  arrays  of  yarns  tend  to  follow  the  rule  of  mixtures:  composite 
strength  is  determined  bv  the  relative  strengths  and  volume  orcpcrtions  of  film 
and  yarn,  and  composite  stiffness  follows  a similar  relation.  More  strengthening 
occurs  when  the  film  is  more  ductile  than  the  yarn  so  it  can  deform  without 
fracturing  to  redistribute  yarn  forces  at  seams,  load  patches  and  other  dis- 
cont  tnuities . 

a.  I Tmf  Resistance 

Pressure  vessels  made  of  homogeneous  isotropic  sheets  are  unstable  unless 
large  safety  factors  are  used  because  of  the  influence  of  combined  stress. 
Brittleness  and  ductility  are  material  states,  not  intrinsic  properties.  The  degree 
of  brittleness  depends  on  the  volumetric  or  combined  stress  as  well  as  the  applied 
temperature,  strain  rate,  and  strain  history.  Balloon  material  in  the  brittle  state 
is  unstable  because: 

• It  cannot  deform  to  distribu  e siress  around  thickness  var  at  ions, 
scratches  and  tears; 

a It  cannot  deform  to  relieve  stress  concentrations  from  seams, 
load  patches  and  assembly  tolerances;  and 

• It  has  inc  reased  ssnsitivity  to  impact  loading  and  vibration. 

Fabrics  have  a higher  tear  resistance  than  films  since  the  basic  material  is 
always  stressed  uniaxially  and  does  not  become  brittle  as  rapidly.  At  stress 
concentrations  in  a biaxial  stress  field,  fabric  yarns  deform  uniaxially  to  relieve 
the  overload  while  a film  may  become  brittle  under  the  stress  and  fracture. 

The  stress  concentration  at  the  root  of  the  film  crack  causes  it  to  spread 
rapidly,  while  in  the  fabric,  should  a tear  start,  the  concentration  may  be  relieved 
by  uniaxial  ductility  of  individual  yarns  (Topping,  1957). 

Although  uniaxial  ductility  of  structural  fibers  is  not  great,  tear  propagation 
in  a fabric  or  fiber  composite  requires  a stress  field  many  times  greater  than  for 
a homogeneous  film  of  the  same  weight.  Figure  8. 

Figure  9 shows  the  effect  of  [xilyester  reinforcing  yarns  on  the  strength  of 
cylindrical  specimens  of  polyethylene  and  polyester  film  subjected  to  biaxial 
stress  with  shear,  which  is  a severe  condition  of  volumetric  stress.  All  spect- 
ments  were  formed  with  adhesive  taped,  butt  steams,  except  the  Stratofilm  and 
X-124  (polyethylene)  specimens  which  had  thermally  welded  seams.  Film  fracture 
was  considered  as  specimen  failure.  None  of  the  specimens  showed  local  yielding 
along  the  fracture  line: 
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Weight  Tear  Strength  Tear/Weight 

(lb/sq  ft)  at  70°F  (lb)  (sq  ft) 


l 

1-ail  NYLAA  File 

0.007  j 

0.03 

| 5 

1-ail  Polyethylene  File 

o.oosl 

0.7 

J 140 

1-all  Nylon-6  Ft  la 

0.006  j 

0.1 

I 17 

0.5-all  MYLAA-MCRON 
Composite  (6001200) 

1-all  HYLAR- KEVLAR 
Coaposite  (SI 34500) 

0.009  | 

60  1 

6700  | 

0.015  | 

90  |j 

6000  1 

Figure  8.  Tear  Propagation  Strength  (FTM  5136) 


t All  unreinforced  MYLAR  cylinders  failed  by  tearing  across  the 
specimen  at  a high  rate. 

• Unreinforced  polyethylene  (Stratofilm,  X-124)  cylinders  tended 
to  fail  at  the  seams. 

a Most  DACRON-MYLAR  specimens  failed  by  localized  film  fracture 
between  or  along  the  yarns. 

# Most  of  the  DACHuN-polyethylene  cylinders  failed  by  tearing  of 
both  film  and  yarn.  In  some  cases,  tearing  was  stopped  by  yarns 
after  proceeding  for  several  inches. 

A quadratic  failure  theory  was  assumed  and  the  ellipses  were  fitted  to  the 
data  by  standard,  least  squares  methods.  Shear  capability  of  the  polyethylene 
was  increased  in  proportion  to  the  weight  of  yarn  and  adhesive  added.  Although 
MYLAR  film  weight  was  doubled  by  yarn  reinforcement,  shear  strength  was 
only  slightly  improved.  This  may  be  attributed  to  the  higher  ductility  of  the 
polyethylene  compared  to  DACRON  which  Improves  relief  of  overstress  caused 
by  variations  in  yarn  tension,  spacing,  and  bond  strength. 

S.5  Craap  Effect* 

Generally,  evaluation  of  creep  effects  requtres  measurements  for  each 
variant  of  film,  fiber  or  composite.  For  most  polymers,  creep  data  obtained  at 
several  constant  temperatures  and  stresses  can  be  used  to  estimate  creep  strain 
or  mean  time  to  creep  rupture  for  a different  temperature-stress  history. 
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Figure  9.  I«ow -Temperature  Strength  for  Cylinders  of  Reinforc  ed  and  Cnreinforced  Kiln 
Subjected  to  Combined  Loading 


1 10  100  1000  10.000 
T1*  (hour*) 

(a)  tffact  of  Inlt  tl  Strwi  mi  fcl«&s  Flbtr  tetftforcvant  on 
Cr*«f  of  MO  fuifvthjrtM 


Tl«*  (taurt) 

(!)  of  tloftt  MNr  Voluat  f roc t ton  on  Cron*  of  Hjrt**  • 

ol  Contunt  2000  pt»  Str***  mi  SO  Hrcont  k.H. 

Figure  10.  Ty  ioal  Creep  Effects  at  /3°F 


Figure  10  shows  typical  creep  effects  of  polyethylene  and  nylon  6 for  various 
loads  and  volume  fractions  of  fiber  reinforcement  (O'Toole,  1967).  Addition  of 
20  to  30  percent  glass  fiber  by  volume  changes  the  creep  strain  for  both  materials 
by  an  order  of  magnitude.  The  strain  indicated  for  nylon  at  50-percent  relattve 
humidity  Is  four  to  five  times  the  creep  at  zero  water  content. 

Creep  of  some  polyethylene  films  during  balloon  inflation  has  been  shown  to 
reduce  film  strength  by  50  percent  or  more  under  combined  loading  (Kerr,  1967), 
Fiber  reinforcement  could  control  such  deformation  and  preserve  the  original 
molecular  orientation  of  the  film. 

S.fc  (iu  Bam  of  Piepertiei 

Permeation  of  helium  through  plasttc  films  depends  on  the  partial  pressure, 
film  thickness  and  a temperature  dependent  perameter  characteristic  of  the  film 
and  gas,  Figure  11  (Brubaker,  1953). 
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Figure  II.  Helium  Permeability  Parameter 
(ee  - cm,  sq  cm  - sec  - cm  Hg) 


Resistance  to  punctures  and  to  similar  damage  during  folding  and  handling 
is  a primary  requisite  for  a superpressure  balloon  film.  Polyethylene  and  nylon 
are  superior  at  temperatures  above  0 °C.  Nylon  is  particularly  tough  and  ductile 
after  absorbing  .vater.  It  may  be  desirable  or  necessary  to  water-condition 
nylon  balloon  film  prior  to  fabrication  and  launch  to  enhance  damage  resistance. 

Flex  resistance  of  a gas  barrier  can  be  improved  by  combining  layers  of 
the  same  or  dissimilar  films  in  various  ways.  A continuous  ductile  coating  on 
a high  mod  film,  Figure  12a,  may  better  resist  development  of  holes  Trom 
folding  than  t..  current  practice  of  joining  two  high  moaulus  sheets. 

Hooding  sheets  at  regular  intervals  with  a pattern  of  adhesive  dots  or  sti  ipes 
(f  igure  12b,  c)  w uld  reduce  surface  stress  at  creases,  compared  to  a single 
sheet  with  the  same  total  thickness.  This  Is  analogous  to  stranded  cable  or  yarn, 
which  is  a more  reliable  tensile  element  than  a solid  rod  or  monofilament  because 
it  receives  ltss  damage  from  sharp  bends  and  because  superficial  nicks  or 
scr  itches  in  one  wiie  or  filament  cannot  propagate  thrr  the  entire  cable. 
Another  advantage  of  several  film  layers  ‘ « that  leakage  . be  reduced,  even 
for  coincident  holes,  because  the  flow  would  be  throttled  several  times  as  in  a 
labyrinth  seal. 

The  "spot  bonded"  barrier  would  probably  be  limited  to  two  sheets  so  two 
independent  gas  barriers  would  be  formed  by  adhesive  tapes  applied  to  each  side 
at  balloon  seam..  A guilt -bonded  barrier  could  have  three  or  more  layers  with 
staggered  bond  lines  stn-  e all  the  cells  would  be  sealed  except  along  seams. 
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Layered,  interval  bonded,  gas  barriers  could  be  compared  with  single  sheets 
using  one  of  ihe  flexibility  tests  referenced  in  Section  4.2  to  determine  whether 
or  not  the  added  complexity  is  justified. 

5.7  Thermal  Radiation  Properties 

Solar  and  infrared  absorptivities  of  balloon  materials  have  been  obtained  by 
measuring  spectral  transmissivity  and  reflectivity  and  integrating  these  over  the 
solar  and  Infrared  energy  spectra. 

Solar  absorptivity  of  polyethylene  film  is  slightly  less  and  the  infrared 
absorbtivity  many  times  less  than  for  polyester  film  of  equal  thickness. 

Since  polymer  fibers  are  nearly  opaque  to  solar  radiation,  for  film -yarn 
composites,  it  is  desirable  to  use  larger  diameter  yarns  and  wider  yarn  spacing, 
consistent  with  other  requirements,  to  minimize  balloon  heating. 

5.8  l llraviolel  Stability 

Little  photostability  data  useful  for  balloon  design  are  available.  Polyesters 
have  generally  superior  resistance  to  sunlight,  compared  to  polyamides  (nylon, 
KEVLAR)  and  polyethylenes.  Based  on  accelerated  weathering  tests  with 
artificial  light  in  which  rates  of  loss  of  mechanical  properties  were  compared, 
polyethylene  and  nylon  6 are  rated  "fair  to  good”  and  polyester  is  rated  "excellent1 

KEVLAR  yarn  (770  denier)  was  found  to  lose  about  40  percent  of  its  tensile 
strength  after  100  hours,  and  50  percent  after  200  hours  exposure  to  sunshine 
carbon  arc  (Weatherometer)  and  x°non  lamp  (Fadeometer)  sources.  These  supply 
two  to  three  times  as  much  ultraviolet  energy  to  test  specimens  as  natural  sun- 
light at  sea  level. 

6.  EVALUATION  AND  SCREEN  INK  METHODS 

If  material  selection  is  to  interact  effectively  with  the  design  process,  evalua 
tion  and  screening  activities  should  begin  early  in  the  development  effort  to  pro- 
vide feedback  on  material  constraints  and  to  permit  refinement  of  the  screening 
method  as  additional  requirements  and  material  data  become  available. 

If  there  are  a large  number  of  requirements  and  material  candidates,  the 
following  general  method  has  proved  useful:  i 

A.  Assign  a weighting  index  to  each  requirement  in  proportion  to  its 
importance  to  the  design  objective,  as  determined  by  analysis  of 
failure  modes,  cost,  etc. 
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B.  For  each  property,  assign  a weight  index  to  each  material  in 
proportion  to  its  rank  among  all  other  candidates  for  that  property. 
Multiply  each  material  index  for  a given  requirement  by  the  require- 
ment index. 

C.  Sum  the  product  of  material  and  requirement  indices  over  each  material. 

The  resulting  number  for  each  material  reflects  the  relative  importance  of  all 
requirements  and  the  relative  number  of  times  the  given  material  exceeded  proper- 
ties of  other  materials.  This  procedure  is  not  a substitute  for  second  judgment  by 
the  designer.  It  does  provide  a systematic  way  of  comparing  a large  group  of 
requirements  and  options. 

To  determine  the  best  combination  of  material  dimensions,  the  best  consti- 
tuent mix  in  a composite  or  other  design  variable  trades,  various  constrained 
optimization  methods  can  be  used.  These  involve  definition  of  an  objective 
variable,  and  the  failure  and  geometric  constraints  in  terms  of  the  design 
variables.  The  point  in  design  variable  space  where  the  maximum  number  of 
constraints  intersect  is  usually  "best"  because  the  design  is  taxed  to  the  utmost 
through  all  failure  modes. 

A reduced  problem  will  illustrate.  For  the  LOP  mission,  the  combination  of 
polyethylene  film  thickness  tf  and  DACRON  ya.'n  weight/area  wf  is  sought  for  which 
the  balloon  cost  will  be  a minimum.  Assuming  a spherical  structure,  and  coat 
proportional  to  surface  area,  a minimum  diameter  (D)  sphere  will  have  the  lowest 
cost.  Failure  constraints  are  defined  in  terms  of  the  design  variables  (D,  t^  w ), 
Appendix  A. 

. Material  stress  must  be  less  than  60  percent  of  the  short-term 
ultimate  strength,  which  yields: 

D < £l.  9 X 105  wy  + 1.  8 X 106  tfj 

To  prevent  altitude  changes  greater  than  100  feet  caused  by  day- 
night  temperature  variations: 

D < £l.  2 X 105  wy  + 2.  3 X 10S  tf 

Similarly,  if  the  balloon  is  to  support  Itself  and  a 500-pound  load  at  130,  000  feet: 

^1.2  X 10 

The  constraints  are  shown  in  Figure  13  fer  0.  5-mil  and  1.0-mil  film  thick- 
nesses. The  minimum  feasible  balloon  diameter  is  determined  by  the  deflection 
requirement  for  the  thinner  film  and  by  strength  for  the  thicker  one.  For  cost 
proportional  to  surface  area,  the  1-rrll  balloon  will  cost  about  a third  more  than 
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the  0.  5-mil  structure.  The  graph  at  the  top  of  Figure  13  indicates  how  the  yarn 
spacing  varies  with  weight  for  available  sizes  of  DACRON  yarn  applied  in  three 
parallel  arrays,  forr,  .ng  equal  angles. 

Mathematic  procedures  are  more  convenient  than  graphical  ones  for  this  kind 
of  problem  and  mandatory  for  large  numbers  of  design  variables. 
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Figure  13.  Weight  and  Failure  Constraints  Applied  to  LDP  Mission:  Polyester 
Yarn,  Polyethylene  Film 
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Appendix  A 

Supsrp rat  sura  BWImm  Csastrsaats  hspatod  bjr  Malarial 

Mackaaical  Propartiat 


I.  RETIREMENTS 

A.  A minimum  cost,  spherical  superpressure  balloon  Is  desired  to  operate 
at  130,  000  feet  In  the  U.S.  Standard  Atmosphere  for  90  days  with  a 500- 
pound  suspended  load.  Free  lift  is  assumed  to  be  0.  15,  and  the  super- 
temperature, 25°C.  The  balloon  Is  to  be  constructed  of  plastic  film  or 
a film -fiber  composite. 

B.  Maximum  material  stress  must  be  less  than  0.  6 x (short-term  ultimate 
strength)  to  prevent  creep  rupture. 

C.  Diurnal  changes  In  balloon  deformation  must  not  change  equilibrium 
altitude  more  than  100  feet. 


2.  OBJECTIVES 

The  lowest-cost  balloon  is  assumed  to  be  one  with  minimum  diameter.  The 
design  variables  are  balloon  diameter,  film  thickness  and  yarn  weight  per  unit 
area  of  film. 
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3.  FAILURE  CONSTRAINTS 


i 

I 


3.1  Nautili  Sues* 


Assume  three,  parallel  fiber 
arrays  forming  equal  angles,  bonded  to 
a plane,  film  matrix  and  subject  to 
equal  biaxial  loads.  If  the  con- 
stituents are  uniform  in  strength  and 
dimensions  and  they  deform  equally  and 
elastically,  the  composite  stress  is 
given  by  (Krenchel,  1964): 


ac  * [EyVy/2  + EfU-Vy)/<l-v)Jec 
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Assuming  the  yarn  adhesive  to  have  the 
same  mechanical  properties  as  the  film  and  a 
weight/area  of  (0.4  wy),  the  apparent  composite  thickness  is: 

*c  * V1/p  + 0>4/pa)  + ‘f  (A'3> 


In  terms  of  membrane  forces : 


Vc 


(A -3) 


Neglecting  stress  variations  due  to  load  suspension,  and  setting  octc  * AP  D/4 
and  the  yarn  stress  oy  * 0.  6 x (ultimate  value  of  oy): 


D < 1.45  a t 
c c 


(A-4) 


238 


3.2  Material  Oeforsatioa 

For  a superpressure  balloon  with  diurnal  supertemperature  variation  AT,  the 
corresponding  altitude  change  AZ  is  approximately  (Lally,  1967): 

_ 75DAT  PJl+F) 


For  the  conditions  above: 


D < 7.39  X 10  t E 
c c 


1.  DiSPI  Vt  EMEM  CONSTRAINT 

Allowing  10  percent  for  weight  of  seams  and  load  suspension,  at  equilibrium 
altitude,  for  the  given  conditions: 


[l.2  X 10'4  D*  <4.8  wy  * 3.5pftf)  D2  - 50o]  > 0 


S.  DEFINITIONS 


Symbol 


P,  AP 


Description 


Balloon  Diameter 
Young's  Modulus 
Free  Lift 

Absolute  and  Differential  Pressure, 
respectively 

Supertemperature 

Volume  Fraction 

Balloon  Altitude  Deviation 

Thickness 

Weight/Area 

Deformation 

Poisson's  Radio  for  Films 

Density 

Stress 


Ib/sq  ft 

Dimens  tonless 
lb/sq  It 

°K 

Dimensionless 


lb/sq  ft 
(in.  /in. ) 
Dimensionless 


Ib/cu  ft 
lb/sq  ft 
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Subscripts 


Description 

Adhesive 

Composite 

Film 

Yarn 
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Twelve  Years  After  the  First  Launching: 
Operational  Activities  of  CNES  in 
Stratospheric  Balloons 

M.  Rougarox 

Ctxtr*  da  laocasoot  dabolloai  alrototpKariquas 
(Natiaaal  Can  tar  (or  Space  Studio*  • 
Stretatfbaric  Balloon  Launching  Cantor) 
B.P.  44  - 40800  AJRE-iur-ADOUR  Franca 


Abstract 


Side  by  aide  with  revolutionary  developments  in  the  Held  of  stratospheric 
tethered  balloons,  the  "Balloon  Systems  and  Projects"  Division  of  CNES  is  pur- 
suing unremitting  efforts  in  the  better-known  field  of  free  Stratospheric  balloons. 

Two  years  ago,  before  this  same  audience,  the  CNES  had  announced  the 
startup  of  a production  facility  for  natural-shape  balloons,  extremely  original  in 
many  respects.  Managed  by  the  Zodiac-Espace  Company,  this  production  unit 
today  enables  the  CNES  to  launch  some  fifty  balloons  of  this  type  every  year 
(350,  000  m3  - 100,  000  m3)  as  well  as  a roughly  equal  number  of  tetrahedral 
balloons  (85,  000  m3)  for  scientific  packages  weighing  less  than  150  kg. 

However,  the  CNES  has  not  been  doing  work  solely  on  the  vehicles.  Important 
related  developments,  accomplished  during  the  same  time  period,  enable  a 
variety  of  on-board  and  ground-based  equipments  to  be  placed  in  service  today: 

— On-Board  Equipment 

. Telemetry  transmitter  and  receiver,  remote-control  (command) 
decoder 

. Electronic  servo-equipment 

. Various  mechanical  systems 
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— Ground  Equipment 

. Complete  telemetry  station 
. Real-time  processing  system 
Launching  equipment 

In  addition,  very  strict  procedures  have  been  worked  out  with  the  responsible 
agencies  to  ensure  that  balloon  flights  are  compatible  with  civil  and  military  air 
traffic. 


I.  INTRODUCTION 

The  "Balloon  Systems  and  Project"  Division  of  the  National  Center  for  Space 
Studies  is  charged  with  designing,  developing,  and  operating  "balloon  systems" 
made  available  to  experimenters  under: 

(1)  The  French  Space  Program  (conventional  flights). 

(2)  Various  research  activities  from  laboratories  of  all  nationalities  (funded 
flights). 

Each  balloon  system  is  comprised  of: 

(1)  The  balloon  Itself. 

(2)  The  standard  on-board  equipment. 

(3)  Ground  equipment  needed  for  launching,  in-flight  monitoring  and 
recovery  operations. 

The  first  French  stratospheric  balloon  flight  took  place  twelve  years  ago. 
Since  then,  a number  of  "balloon  systems"  have  been  studied  by  the  CNES.  Some 
of  them  were  tested  with  various  degrees  of  success.  Only  some  reached  the 
operational  stage,  such  as  the  pressurized  balloons  launched  under  the  EOLE 
Project  in  the  second  half  of  1971. 

Today  we  have  a new  "balloon  system":  the  tethered  stratospheric  balloon 
which  opens  up  many  new  fields  of  application  to  pure  and  applied  research.  The 
difficulties  still  to  be  overcome  to  make  such  a revolutionary  vehicle  operational, 
however,  are  still  numerous.  (Ref.  R.  Reglpa,  CNES  "Stratospheric  Captive 
Balloons".) 

At  the  same  time,  however,  efforts  have  been  continuing  in  the  field  of  free 
stratospheric  balloons.  About  100  balloons  of  this  type  are  launched  every  year 
by  the  CNES  from  its  AIRE-sur-ADOUR  and  GAP-T ALLARD  Centers,  or  on  the 
occasion  of  field  campaigns. 

These  are  the  figures  for  1973: 

(1)  Total  number  of  flights.  108 

(2)  Percentage  failures,  18  percent 

(3)  Mean  volume  of  launched  balloons.  107, 000  m3 
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(4)  Average  launched  paylcad. 

(5)  Average  ceiling  time. 

2.  RANGE  OF  BALLOONS  1 SKI) 

2.1  Tetrafcedral  Ballooas 

This  is  the  first  type  of  stratospheric  balloon  developed  in  France.  The 
characteristic  shape  makes  production  costs  very  low.  They  are  made  by  con- 
tinuous sealing  of  a strip  of  polyethylene  film  25  microns  thick,  and  of  constant 
\ width,  spiralling  along  the  surface  of  the  tetrahedron. 

! However,  the  tetrahedral  shape  is  unsuitable  from  the  mechanical  standpoint. 

Moreover,  it  is  impossible  to  reinforce  the  skin. 

| These  reasons  have  led  us  to  limit: 

! 3 

( (1)  The  volume  of  tetrahedral  balloons  to  85,  000  m . 

(2)  The  payload  to  200  kg. 

I These  extreme  values,  established  through  experience,  cannot  be  exceeded 

| without  considerably  increasing  the  risk  of  failure. 

j 2.2  Nataral-Sfcape  Sualospherir  Balloon 

I In  view  of  the  limitations  on  tetrahedral  balloons  ana  the  constant  and  in- 

j evitable  increase  in  scientific  experiments,  in  1970  the  CNES  set  up  the 

i techniques  and  industrial  facilities  necessary  for  manufacturing  natural  shaped 

balloons.  At  the  7th  AFCRL  Balloon  Symposium,  Mr.  R.  Regipa  described  to 

you  in  detail  the  manufacturing  system  of  the  21odiac  Espace  Company.  Despite 

its  original  nature  it  rapidly  produced  some  fifty  balloons  per  year  divided  more 

3 3 

j or  less  equally  between  volumes  of  100,  000  m and  350,  000  m . 

What  are  the  limitations  of  this  type  of  balloon  today? 

(1)  The  thickness  of  the  polyethylene  film  used  is  20  microns,  which  is  a 
minimum  for  European  industry.  15 -micron  film  has  been  produced  in  small 
quantities  but  cannot  yet  be  used  for  manufacturing. 

(2)  The  payload  is  limited  to  500  kg.  This  is  not  a technical  but  an  opera- 
tional limitation,  as  the  risk  of  parachuting  very  heavy  loads  into  as  densely 
populated  a country  as  France  ts  unacceptably  hazardous. 

3 

(3)  The  balloon  volume  is  limited  to  350,000  m . Here  again  this  is  not  a 
question  of  technology,  but  the  return  on  Investment  from  very  large  balloon 
flights  must  be  established  in  advance. 


218  kg 
6 hrs 
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3.  ONBOARD  EQUIPMENT 


As  far  back  as  1961,  CNES  became  aware  of  the  need  to  develop  standard 
onboard  equipment  parallel  to  the  balloon.  The  policy  followed: 

(1)  Infinite  variety  of  scientific  experiments. 

(2)  Absolute  standardization  of  equipment  {especially  telemetering  and 
remote  control)  enables  duplication  of  effort  from  one  experimental  group  to 
another  to  be  avoided  and  the  ground  equipment  to  be  rationalized. 

Moreover,  the  very  special  environmental  conditions  encountered  with  balloon 
flights  made  it  necessary  to  impose  very  strict  design  standards  on  these  sub- 
assemblies  to  achieve  excellent  reliability. 

While  at  first  they  were  relatively  simple  and  cheap,  today  on-board  equip- 
ment components  have  reached  a degree  of  sophirtication  which  has  pushed  up 
costs.  However,  the  near- certainty  of  recovering  them  in  good  condition  after 
each  flight  makes  the  utilization  ccst  quite  reasonable. 

3.1  Slaadaid  Teieaeteriag  sad  Reaota  Coatrot  Equipaest 

The  SITTEL  system,  now  widely  used,  has  the  special  feature  of  having 
three  Integrated  functions:  (1)  telemetering,  (2)  remote  control  (command),  and 

(3)  ranging  {distance  measuring). 

3.  1.  1 TELEMETERING. 

The  telemetering  function  may  be  carried  out  in  two  ways. 

3. 1.1.1  FM/ PM  Telemetry 

FM/PM  telemetry,  to  IRIG  standards,  can  make  use  of  the  following  very 
efficient  units:  (1)  a very  stable  transmitter,  and  (2)  very  high  quality 
modulators.  In  addition,  phase  modulation  permits  coherent  demodulation  with 
lower  signal -to -noise  ratios  than  with  frequency  modulation.  A standard  30-channel 
selector  switch  is  currently  Included  ir.  this  telemetering  system. 

Principal  characteristics  of  the  FM/PM  telemetry  are  as  follows: 

TRANSMITTER: 

(1)  Frequencies:  400.650,  400.905,  4-1.  160,  401.490  MHz 

(2)  Transmitting  power:  500  mW  on  50  ohms 

(3)  Modulation:  Peak  phase  excursion  of  2.  6 radians 

(4)  Paesband:  30  Hz,  150  kHz 

(5)  Frequency  stability:  i 5 x 10’8 
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IM  MULTIPLEX: 


i 


Channels:  4 to  14  of  the  standard  IRIG  ivstem  - (0.  9C  KHz  - 22  KHz, 
channel  10  being  reser'  si  for  the  ranging  signal) 

Frequency  excursions:  ± 7.  5 percent  or  t 15  percent 

Input  signals:  0.2  V 

Linearity:  better  than  ± 0.  5 percent 

Maximum  central  frequency  variation:  1 percent 

Maximum  slope  variation:  1 percent 

Note:  These  specifications  are  valid  for  a temperature  range  of  -20°C 
to  +50°C. 

3. 1.1.  2 PCM  Telemetry 

PCM  telemetry,  benefitting  from  the  most  advanced  technology,  is  a power- 
ful and  very  efficient  tool:  (1)  increased  accuracy;  the  quality  of  *he  link  is  no 
longer  a source  of  errors,  and  (2)  number  of  transmitted  parameters  is  over  100. 

Principal  characteristics  of  PCM  Telemetry  are  as  fellows; 

TRANSMITTER:  Identical  to  FM/PM  transmitter. 

SWITCH-CODER: 

(1)  Format:  the  format  has  16  cycles;  one  cycle,  32  words;  one  word, 

8 bits.  The  normal  rate  may  be  (a)  multiplied  by  2 (131,072  bits/sec) 
or  (b)  divided  by  2,  4,  or  8 (8,  192  bits/sec.,  16,384  bits/sec, 

32,  768  bits/sec). 

(2)  For  the  normal  bit  rate,  in  view  of  overswitchings  and  underswitchings, 
one  obtains  for  tne  various  channel  types: 

(a)  High-speed  analog  channels;  from  2 channels  with  1,024  prints/sec 
to  eight  channels  with  256  points /sec. 

(b)  Low-speed  category  1 analog  channels;  from  2 channels  with  512 
polnts/sec  to  64  channels  with  16  points/sec. 

(c)  Low-speed  category  2 analog  channels;  8 channels  with  16  polnts/sec. 

(d)  High-speed  digital  channels;  from  4 channels  with  1,024  points/sec 

to  4 channels  with  512  polnts/sec  plus  8 channels  with  256  points/sec. 

(e)  Low -speed  digital  channels;  from  4 channels  with  32  points/sec  to 
8 channels  with  16  polnts/sec. 

(f)  Double -precision  digital  cliannela  (16  bits);  from  2 ci  annels  with 
32  points/sec  to  4 channels  with  16  points/sec. 

(3)  Precision; 

(a)  ±9.4  percent  for  single-precision  channels. 

_ a 

(b)  x 3 x 10  for  double -precis ion  channels. 
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(4)  Inputs : 

(a)  Analog:  asymmetric  input  on  two  separate  terminals;  measuring 
range,  0. 2 V. 

(b)  Digital:  level  0 between  -12  V and  +0.  5 V,  and  level  1 between 
+2.  5 V and  + 12  V.  For  high  speed  digital  channels  synchronization 
logic  can  be  built  in;  the  experiment  then  gives  a "start  to  read"  signal 
which  is  a "O";  telemetry  gives  an  "end  read"  signal  which  is  a "O". 

(5)  Signal  rates:  all  rates  available  for  the  experiment. 

3. 1.  2 REMOTE  CONTROL 

The  remote  control  (telecommand)  link  is  of  the  PCM/PSK  type.  The  number 
of  individual  commands  is  10.  An  addressing  system  (10  addresses)  enables  the 
full  remote  control  capacity  to  be  used  in  the  case  of  simultaneous  flights.  Com- 
bination order  coding  enables  the  number  to  be  multiplied.  At  present,  however, 
the  corresponding  interfaces  must  be  made  by  the  experimenter  himself. 

Principal  characteristics  of  remote  control  (command)  system  are  as  follows: 

RECEIVER: 

Frequency:  444  MHz 

Frequency  modulation 
Sensitivity:  93  dBm 

Noise  factor:  less  than  6 dB 

Passband:  ± 15  KHz 

DECODER 

Message: 

Bit  rate: 

Message  rate : 

Number  of  addresses: 

Number  of  commands: 

Detection  rate: 

Error  rate 
Output  elements: 

3.1.3  RANGING 

Ranging  (distance  measurement)  is  performed  by  measurement  of  the  phase 
displacement  a 150  Hz  sine  wave  in  travelling  from  the  ground  antenna  to  the 
balloon  and  return. 

The  telemetry  transmitter  and  remote  control  receiver  (on  the  balloon)  are 
connected  to  a single  antenna  through  a duplexer.  The  150  Hz  signal  transmitted 
from  the  ground  on  444  MHz  carrier  wave  is  received  by  the  remote  control 


the  10-blt  address,  twice,  then  the  10-bit 
command  twice 
1000  bits/sec 
5/sec 
10 

10  x 2 (10  flipflop  relays) 

0. 99  for  a signal/noise  ratio  of  20  dB 

1/106  messages  with  signal/noise  ratio  of  0 dB 

flipflop  relays;  cutoff  capacity  2 A with  12  V. 


receiver  and  then  retransmitted  from  the  balloon  by  the  telemetry  transmitter 
(channel  10).  The  absolute  ranging  accuracy  is  about  1 NM. 

3.1.4  BAROMETERS 

Two  barometers,  range  (0  - 1,  000  mb)  and  (0  - 70  mb)  perform  operational 
pressure  measurements  (accuracy  0.  5 percent).  Switching  between  the  two 
capsules  is  remote  controlled. 

3.2  Electronic  or  Electromechanical  Servo-Equipment 

3.2.1  SEPARATION  ASSEMBLY 

Fully  self-contained  and  independent  of  the  rest  of  the  flight  system,  this 
assembly  is  placed  at  the  top  of  the  parachute  or  at  the  center  of  the  triangle 
formed  by  the  tops  of  the  three  parachutes  with  group  parachuting.  There  is 
no  problem  with  opening  upon  separation  as  long  as  the  load  suspended  under  the 
parachute  or  parachutes  is  at  least  10  times  the  mass  of  this  separating  assembly 
(about  10  kilograms). 

The  elements  of  which  this  assembly  is  comprised  are  exposed  to  launching 
shocks.  They  must  be  particularly  rugged  and  enclosed  in  a thick  container 
which  also  prevents  them  from  being  cooled  when  passing  through  the  tropopause. 

3.  2.  1. 1 Remote  Control  Separation 

Of  the  PCM/PSK  type,  it  operates  on  a frequency  of  148  MHz,  The  on-board 
receiver-decoder  accepts  only  one  command,  chosen  from  the  G commands  which 
the  remote  control  transmitter  may  generate.  Its  specifications  are  otherwise 
similar  to  those  of  SITTEL  remote  control.  However,  particular  attention  is 
given  to  the  mechanical  soundness  of  the  assembly. 

3.  2. 1.2  Time  Switches 

The  remote  control  system  includes  two  redundant  time  switches  which  cause 
separation  after  a given  time  Interval  if  remote  control  fails.  Although  these 
time  switches  are  in  common  use  they  are  specially  prepared  for  the  flight: 
complete  degreasing  followed  by  painting  with  a synthetic  oil  which  remains  fluid 
at  very  low  temperatures  (-60°C). 

3.2.2  BEACON 

This  is  a transmitter  operating  on  one  of  four  frequencies:  152.  730,  152.  750, 
150.  770,  152.  790  MHz.  It  allows  the  capsule  to  be  located  on  the  ground  after  it 
has  landed.  It  has  a self-sustained  operating  time  of  about  60  hours  and  allows 
postponement  of  the  recovery  operation  (in  bad  weather  , for  example). 
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The  beacon  is  attached  to  the  center  of  a sphere,  diameter  about  2 meters, 
made  of  two  fibreglass  hemispheres.  These  protect  it  upon  take-off  and  landing. 
Floats  keep  it  on  the  surface  of  the  water  if  it  lands  in  the  sea,  a lake,  or  a 
river. 

The  beacon  is  mounted  such  that  it  can  swivel  and  always  keep  its  antenna 
pointed  upward. 

3.2.3  RADAR  RESPONDER 

Originally,  metallized  radar  reflectors  were  introduced  in  the  stratospheric 
balloon  flight  systems  in  order  to  permit  constant  tracking  by  aerial  navigation 
radar  and  ensure  flight  safety  during  ascents  and  descents. 

For  about  two  years  air  traffic  control  has  been  bothered  more  and  more  by 
secondary  echoes,  which  induced  the  C.  N.  E.S.  to  add  to  the  passive  reflectors 
a radar  responder,  transmitting  on  a code  specific  to  the  balloons,  A 44. 

Adapting  this  equipment  to  balloon  flights  poses  two  main  problems: 

(1)  The  "high-voltage"  part  of  the  responder  cannot  withstand  the  rarified 
atmosphere  of  the  stratosphere.  The  equipment  must  thus  be  sealed  into  a con- 
tainer. 

(2)  Since  they  were  designed  to  operate  on  board  an  aircraft,  responders 
available  on  the  market  use  a great  deal  of  power  and  are  supplied  with  a high- 
capacity  battery  bank  which  is  heavy  and  costly. 

Finally,  like  the  separating  assembly,  this  equipment  is  exposed  to  launching 
shocks.  Thus,  packaging  is  particularly  important. 

For  the  time  being,  the  radar  responder  serves  only  to  locate  the  balloon 
in  azimuth  (mode  A).  Altitude  measurement  is  obtained  through  telemetering 
(operational  barometer)  and  transmitted  by  the  C.  N.  E.S.  to  the  Air  Traffic 
Control  Centers.  In  the  near  future  this  procedure  is  to  be  modified  and  a radio 
altimeter  connected  with  the  radar  responder  will  enable  air  traffic  controllers 
to  treat  the  balloon  like  an  aircraft. 

3.2.4  DEBALLASTING  DEVICE 

This  device  is  used  to  ensure  normal  ascent  for  large  balloons  (over 

3 

100,  000  m volume).  It  also  enables  compensation  for  the  small-amplitude  heat 
effects,  which  may  alter  the  floating  altitude  once  the  ceiling  is  reached. 

The  assembly  is  composed  of: 

(1)  A remote  control  system,  148  MHz,  1 command,  of  the  same  type  as 
the  separation  remote  control  system. 

(2)  A light-alloy  ballast  tank  containing  up  to  120  kg  of  iron  pellets.  The 
base  of  this  tank  is  shaped  like  a funnel,  and  is  closed  by  a solenoid  valve. 

A permanent  magnet  prevents  the  ballast  from  flowing  out  unless  there  is  a 
remote  control  signal.  The  remote  control  command  causes  current  to  be 
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supplied  to  an  electrical  winding  which  creates  an  opposite  magnetic  field  to  that 
of  the  magnet.  The  ballast  then  flows  out  at  a constant  rate  (about  10  kg  in  two 
minutes).  The  reverse  order  stops  the  deballasting.  This  device  has  very  high 
reliability  but  has  the  disadvantage  of  using  iron  pellets,  the  presence  of  which 
disturbs  any  magnetic  measurements  being  made  by  the  experimenter.  For  this 
reason,  it  has  become  necessary,  in  many  cases,  to  place  the  scientific  package 
some  distance  away. 

3.3  MecLaiical  Systems 

3.3.1  BALLOON  HOOK 

This  element  was  developed  at  the  same  time  as  the  first  French  gored 
stratospheric  balloons.  Mechanically  speaking,  the  plastic  skin  is  attached  to 
the  balloon  base  in  the  same  manner  as  with  the  American  balloons  (between  the 
core  and  biconical  collar).  However,  rapid  descent  of  a large  metal  piece  to  the 
ground,  after  separation,  must  be  avoided  as  far  as  possible  for  safety  reasons 
(remember  that  the  French  gored  balloons  do  not  have  a metal  polar  piece  at  the 
apex).  Also  it  is  desirable  for  the  skin  to  be  destroyed  after  separation  by  tearing 
into  several  pieces. 

The  above  is  possible  by  ejecting  the  hook  at  the  time  of  separation  The 
reinforcing  strips  between  gores  are  then  no  longer  interlinked,  either  at  the  hook 
or  at  the  pole,  and  so  tears  can  easily  propagate  over  the  balloon  skin. 

Technologically,  the  outer  shell  of  the  hook  is  replaced  by  two  half-shells 
Interconnected  by  two  explosive  shackles  with  independent  current  supplies  con- 
trolled by  the  separation  assembly.  Separation  can  be  affected  by  explosion  of 
just  one  of  these  shackles.  After  the  hook  opens  the  half-shells  are  kept  in  place 
by  steel  cables. 

3.3.2  RSLAXER* 

Several  accidents  happened  in  the  first  French  gored  balloon  flights.  When 
the  balloon  burjt  during  the  ascent  the  skin  sometimes  fell  on  the  parachute  or 
parachutes,  preventing  them  from  opening  correctly. 

It  seemed  to  the  C.  N.  E.  S.  that  an  automatic  separation  system  upon  a balloon 
burst  was  the  on.y  way  to  prevent  this  accident  as  any  human  reaction  (remote- 
controlled  separation)  was  likely  to  be  too  late.  We  will  note  that  in  the  case  of 
the  French  balloon,  the  burst  is  often  very  sudden  (perhaps  due  to  the  absence  of 
the  massive  polar  piece). 


* The  "relaxer"  senses  a sudden  release  in  tension  in  the  load  line  between 
the  balloon  and  payload.  It  performs  the  same  function  as  its  American  counter- 
part, the  "burst  switch".  (Ed.  Note) 


This  function  is  accomplished  by  the  electromechanical  "relaxer"  acting 
directly  on  the  "ejectable  hook"  in  parallel  with  the  normal  separation  assembly. 
When  the  payload  Is  lifted  by  the  balloon  after  take-off,  the  system  is  "armed" 

(a  latching  relay  closes).  If  the  tension  in  the  load  line  goes  below  a certain 
point  (If  the  balloon  bursts)  a second  relay  closes.  When  these  two  relays  (placed 
in  series)  close,  separation  occurs. 

The  mechanical  part  of  the  relaxer  is  based  on  the  compression  of  calibrated 
springs.  It  is  perfectly  reliable  in  operation  provided  it  is  not  too  sensitive  to 
the  "whiplash"  which  can  occur  at  take-off,  causing  it  to  operate  at  the  wrong 
time  (arming  delayed  by  a damping  system). 

3. 3. 3 AUXILIARY  BALLOON  SEPARATOR 

The  launching  method  employed  by  the  C.  N.  E.S.  uses  one  or  more  auxiliary 
balloons  for  "soft"  take-off  of  one  or  more  payload  packages.  Once  the  load  line 
is  extended  in  its  vertical  position,  these  auxiliary  balloons  are  no  longer  needed 
and  have  to  be  separated. 

Several  methods  have  been  used:  (1)  remote  control;  unusable  at  nighttime, 
(2)  time  switches,  and  (3)  manometrlc  capsule. 

Methods  two  and  three  are  not  without  danger  when  shear  winds  have  delayed 
lifting  of  the  capsule  by  the  main  balloon.  For  this  reason,  a mechanical 
auxiliary  balloon  separator  was  developed  some  three  years  ago.  Based  on  the 
load  line  geometry,  it  allows  the  auxiliary  to  escape  when  the  balloon-separator 
to  payload  package  angle  becomes  180°-e  (e,  very  small,  can  be  adjusted  as 
desired). 


4.  GROUND  EQUIPMENT 


C.N.  E.S.  has  a permanent  launching  center  at  Aire-sur-Adour.  Fixed 
installations  enable  flights  to  be  made  with  maximum  efficiency  for  the  major 
part  of  the  year. 

In  summertime  (when  the  stratospheric  wind  changes  direction)  the  Gap- 
Tallard  base  is  used  for  launchings,  but  its  equipment  is  less  sophisticated  and 
the  balloon  Is  quickly  taken  over  by  the  remote  metering  and  control  stations 
at  Aire-sur-Adour. 

A number  of  field  trips  have  also  been  organized  abroad  (at  least  one  per 
year).  Light  and  robust  equipment  is  taken  into  the  field  by  ship  or  plane  and  a 
"light"  launching  center  can  be  set  up  in  a few  days  at  any  pctnt  on  the  globe 
(Kerguelen  Islands,  Siberia,  Brazil,  South  Africa,  etc. ). 
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1. 1 Laboratories 


The  Aire-sur-Adour  Center  has  several  laboratories  with  a total  floor  area 
of  350  m'  for  preparing  payload  packages  prior  to  flights. 

A large  laboratory  with  all-glass  walls  handles  experiments  equipped  with  a 
solar  pointer. 

A non-magnetic  building  separate  from  all  the  others  is  available  for  adjust- 
ments and  tests  on  payloads  oriented  to  the  earth's  magnetic  field. 

1.2  Teleaetrring  Station 

4.  2.  1 TELEMETRY  RECEPTION;  REMOTE  CONTROL  TRANSMISSION 

The  success  of  the  flight  depends  on  correct  operation  of  this  assembly.  The 
raw  transmitted  data  are  recorded  on  the  magnetic  tape  and  accurately  dated. 
These  tapes  are  the  basic  element  for  processing. 

4.  2.  1.  1 Antenna  (400  - 444  MHz) 

The  SITTEL  antenna  (developed  at  the  same  time  as  the  associated  equipment) 
is  of  original  aerodynamic  design  and  has  great  tracking  accuracy.  It  includes: 

(1)  A telemetering  antenna,  capable  of  rotation  in  elevation  and  azimuth; 
equipped  with  four  horns,  and  possessing  directivity,  with  automatic  tracking, 
of  ±0.  4°. 

(2)  A remote  control  (command)  antenna,  rotating  only  in  azimuth  with  fixed 
elevation  of  15°,  and  connected  to  the  automatic -tracking  telemetering  antenna. 
When  the  balloon  is  at  a high  angle  (near  the  station)  a second  omnidirectional 
antenna  takes  over  the  transmission  of  remote  control  signals. 

Principal  characteristics  of  the  telemetry  antenna  are  as  follows: 

Gain:  over  18  dB  with  respect  to  the  isotrope  of  the  same  polarization 

Polarization:  linear,  normal  to  the  elevation  axis 
VSWR:  less  than  1.5. 

For  the  field  trips,  light  helicoidal  antennas  with  12  dB  gain  are  used. 

A duplexer  enables  them  to  be  used  simultaneously  for  telemetry  reception  and 
remote  control  (command)  transmission.  A built-in  pre-amplifier  improves  the 
reception  conditions. 

4.  2.  1.  2 Telemetry  Receivers 

Their  great  sensitivity  (4  V or  120  dB)  enables  them  to  receive  the  signal 
correctly  whatever  the  distance  of  the  balloon  provided  it  is  in  line  of  sight.  In 
practice,  the  limit  is  800  km. 
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4. 2. 1. 3 Magnetic  Recorders 

Three  7-track  tape  recorders  continuously  record  the  raw  signal  supplied 
by  the  telemetry.  Two  of  them  operate  continuously  so  that  there  Is  no  break. 

The  third  Is  kept  on  standby,  should  one  of  the  first  two  fall. 

At  the  maximum  recording  3peed  (60  Inches/sec),  a 300  KHz  signal  can  be 
played  back. 

4.  2. 1.4  Dating 

The  Information  rec<  rded  on  the  tape  must  be  dated,  sometimes  very 
precisely. 

A rubidium  clock,  periodically  recalibrated  by  reference  to  standards  (com- 
pared to  TV  signals)  shows  the  universal  time  at  all  moments  wltn  accuracy 
better  than  20. 

In  general,  the  time,  coded  In  advance,  Is  recorded  on  one  of  the  tape  tracks. 

Sometimes,  for  greater  accuracy,  a given  event  (transmitted  by  telemetry) 
causes  the  time  to  be  read,  coded,  and  recorded  on  the  same  track  as  the  tele- 
metered signal. 

4. 2. 1.  5 Scientific  Remote  Control  (command)  Transmission 

The  remote  control  transmitter  (10  commands)  operates  on  444  MHz  in 
PCM/PS  K.  Its  normal  transmitting  power  Is  15W.  This  can  be  raised  to  150  W 
if  need  be  (but  the  normal  15  W power  is  in  fact  always  adequate). 

The  remote  control  console  is  available  to  the  experimenter,  who  transmits 
his  commands  directly  (processing  room).  Operation  may  be  either  on  "one-time 
(mono)"  or  on  "recurrent"  (order  sent  repeatedly).  The  reliability  of  this  equip- 
ment is  excellent  as  demonstrated,  for  example,  by  the  fact  that  numerous 
laboratories  are  now  planning  to  direct  their  scientific  packages  by  remote  control 
only. 

In  parallel,  the  remote  control  transmitter  is  used  continuously  to  transmit 
the  150  Hz  wave  for  ranging  purposes  to  the  balloon. 

4.  2. 1.  6 Operational  Remote  Control  Transmission 

The  remote  control  transmitter  (6  commands)  operates  on  148  MHz  in 
PCM/PSK.  Its  normal  transmitting  power  is  15  W and  can  be  raised  to  150  W if 
need  be. 

The  console  can  be  activated  only  by  C.N.  E.S.  operators  (telemetry  room). 

We  remind  the  reader  that  operational  remote  control  is  used  for 
(1)  deballasting  and  (2)  separation. 

The  corresponding  remote  control  antenna  is  a simple  wideband  (8-10  dB) 
Yagi  antenna  which  delivers  fully  adequate  signal  transmission  power. 
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4.  2.  2 REAL-TIME  PROCESSING  AND  DISPLAY 

This  function,  less  critical  than  that  above,  enables  the  experimenter  to 
follow  the  flight  and  also  supplies  operational  information  (pressure,  location, 
etc. ) to  C.  N.  E.  S.  personnel. 

4.  2.  2.  1 Decoding  the  Telemetry 

(1)  FM/PM  Telemetry 

The  multiplexed  data  signals  go  to  discriminators  corresponding  to  the 
1RIG  channels  used.  The  analog  signals  relating  to  the  various  measured  para- 
meters are  extracted.  A decommutator  is  added  downstream  when  a channel  has 
been  switched. 

(2)  PCM  Telemetry 

The  raw  signal  is  decommutated  via  (a)  a primary  synchronizer,  and 
(b)  a secondary  synchronizer. 

4.  2.2.2  Display 

(1)  FM/PM  Telemetry 

16  analog  parameters  can  be  recorded  simultaneously  on  two  8-track 
graphic  recorders.  Two  wide-track  graphic  recorders  are  available  when 
greater  precision  is  necessa*.,.  A high  speed  printer  (with  analog-digital 
converter)  is  used  for  digital  printout  of  the  sampled  parameters. 

(2)  PCM  Telemetry 

Four  control  and  display  units  enable  16  selectable  parameters  to  be 
read  out  digitally  at  the  same  time.  At  the  output  of  these  units  (which  include 
a digital-analog  converter)  graphic  recorders  and  printers  may  be  used. 

4.2.3  COMPUTER 

A computer  (type  CII,  Mitra  15)  at  present  enables  all  operational  data  to 
be  processed  in  real  time,  particularly  ranging  and  pressure  measurement. 

All  useful  parameters  are  transmitted  in  hard  copy  to  the  control  room, 
which  is  following  the  flight. 

Use  of  the  computer  will  be  extended  in  the  future  to  the  following  fields: 

(1)  management  of  real  time  processing,  and  (2)  management  of  remote  control 
(command)  for  various  operations  (deballasting,  tracking,  payload  packages, 
etc. ) 

1.3  leather  Statioa 

The  launching  center  employs  a weather  engineer  full-time  to  forecast  ground 
weather  and  the  weather  into  which  the  balloon  will  run  after  launching. 
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A fairly  complete  weather  station  provides  all  necessary  data  for  these 
forecasts: 

(1)  Two  radio  receivers  with  teletypes  giving  the  results  of  measurements 
taken  throughout  Europe  by  the  weather  system. 

(2)  Two  facsimiles  (one  in  the  field)  to  receive  the  weather  Cards  published 
by  official  bureaus. 

(3)  One  satellite  photo  receiver. 

(4)  On-site  measurement  apparatus  (anemometers,  barometers,  thermo- 
meters, hydrometers,  etc.) 

4.4  Control  Room 

This  receives  the  principal  information  (range,  pressure,  etc.)  from  the 
telemetry  station. 

Direct  telephone  links  have  been  set  vp  with  air  traffic  control  centers,  both 
civil  and  military.  Despite  all  precautions  taken  to  see  that  the  balloon  shows  up 
clearly  on  radar  scopes  (passive  reflectors,  responder)  it  is  the  C.  N.  E.S.  which, 
in  the  last  resort,  is  responsible  for  tracking.  The  control  room  must  thus  be 
able  to  give  all  necessary  information  to  the  air  traffic  control  centers. 

At  the  end  of  the  flight,  the  control  room  directs  the  vehicles  sent  out  for 
recovery  to  the  probable  landing  spots  by  radio  link. 

4.5  Lasachiig 

4.  5.  I OPERATIONAL  TIME  TABLE 

Launching  of  H hour  is  established  according  to  the  parameters  of  the  experi- 
ment and  those  of  the  operations,  and  a typical  time  table  has  been  set  up  for 
each  type  of  balloon. 

. H - 1 h 45  m for  a 100,  000  in'*  balloon 

3 

2 h 15  m for  a 330,  000  m balloon 

Weather  meeting  - explanation  of  general  situation  on  the  ground  and  higher 
up,  and  predicted  trajectory. 

. H - 1 h 40  m for  a 100,  000  m3  balloon 
2 h 00  m for  a 3 SO,  000  m3  balloon 

Beginning  of  operations  In  launching  area  (launching  crew).  Operations  on 
scientific  payload  if  r--  ' tired  (experimenter). 

. H - 0 h 40  m for  a 100,  000  m3  balloon 
1 h 00  m for  a 350, 000  m3  balloon 


Scientific  payload  arrives  at  launching  area  (experimenter). 

Scientific  payload  attached  to  load  line  (launching  crew). 

Telemetry  and  remote  control  hooked  up. 

Functional  check  out  of  all  equipment  (telemetry  crew  and  experimenter). 

. H - 0 h 30  m for  a 100,  000  m'^  balloon 

0 h 45  m for  a 3 50,  000  m^  balloon 

General  agreement  on  how  the  experiment  will  ran.  Scientific  payload  taken 
in  charge  by  launching  crew. 

Beginning  of  irreversible  operations  (balloon  unfolded  and  inflated). 

. H - launching. 

4.  5.  2 LAUNCHING  METHOD 

The  launching  method  adopted  in  France  has  several  chief  advantages: 

(1)  The  balloon  can  be  launched  with  a non -negligible  ground  wind: 

3 

. 5 in/sec  average  wind  gusting  to  8 m/sec  for  a 100,  000  m 

3 

. 3 m/sec  average  wind  gusting  to  5 m/sec  for  a 350,  000  m 

(2)  It  is  possible  to  launch  from  a small  unprepared  strip  of  land  with  no 
visibility. 

(3)  There  is  an  insensitivity  to  9udden  wind  direction  changes. 

(4)  The  payload  experiences  no  take-off  shock  and  can,  in  no  case,  drag 
across  the  ground. 

(5)  The  shape  and  dimensions  of  the  payload  and  the  length  of  the  line  con- 
necting it  to  the  balloon  are  of  no  importance. 

The  balloon  "bubble"  is  anchored  to  the  ground  by  a "releaser”  attached  to 
the  platform  of  a balance.  The  lift  force  during  inflation  is  measured  very 
accurately.  However,  the  ground  wind  and  special  heat  conditions  limit  the 
quality  of  measurement  and  sometimes  cause  non-negligible  errors  which  lead  to 
variations  in  the  rate  of  ascent  (±  1 m/sec  around  the  average  value  of  5 m/sec). 
However,  experience  has  shown  that  this  did  not  affect  the  success  of  the  flight. 

Placement  of  the  balloon  and  payload  on  their  flight  path  is  facilitated  by  the 
second  balloon,  known  as  an  "auxiliary"  which  la  the  principal  originality  of  the 
French  method.  Small  in  volume,  the  auxiliary  balloon  is  attached  directly  above 
the  payload  and  its  lifting  force  is  slightly  greater  than  the  weight  of  the  payload. 

In  the  case  where  several  packages  are  to  be  carried  by  the  same  balloon, 
they  are  spaced  25  or  50  meters  apart  and  attached  to  several  auxiliary  balloons. 

There  are  two  take-off  stages:  main  balloon:  auxiliary  balloons  and  payload 
packages.  The  load  line  is  not  tensioned  and  the  take-offs  are  totally  Independent. 
All  the  balloons  drift  with  the  wind  but  the  main  balloon,  with  the  weights  taken 
off  it  by  the  auxiliary  balloons,  rises  faster  and  progress L'ely  takes  up  the  slack 
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in  the  load  line.  When  the  whole  assembly  is  vertical,  the  auxiliary  balloons  are 
separated  (see  para  3.3.3). 

4.5.3  LAUNCHING  EQUIPMENT 

4.  5.  3.1  Gas 

Hydrogen  is  used  for  inflating  the  main  ballcons.  The  Launching  Center  lias 

3 

four  trailer  tanks  each  with  a capacity  of  3,  300  m . The  gas  is  stored  in  cylinders 
under  a pressure  of  250  bars. 

Helium  is  used  to  inflate  the  auxiliary  balloons,  since  there  is  a possibility 
of  friction  between  these  balloons  and  the  tether,  with  associated  hydrogen  inflam- 
mation risks.  The  Launching  Center  has  three  trailer  tanks  with  a capacity  of 
about  2,  000  m3  (250  bars). 

To  Inflate  the  balloons  the  gas  is  depressurized  directly  in  a pipe  connected  to 

3 

the  inflation  hose.  The  flow  rate  is  about  50  m /min  per  pipe. 

It  will  be  noted  that  tests  were  run  recently  to  Investigate  the  hydrogen  hazard 

3 

at  launching  operations.  A volume  of  500  m was  ignited  and  the  heat  wave 
propagating  from  the  blast  was  shown  to  be  very  short.  The  protective  clothing 
used  by  the  personnel  (fire-retardent  suit,  helmet,  face  cover,  and  gauntlets)  are 
adequate  to  protect  against  all  burns,  even  In  the  immediate  vicinity  of  the  balloon. 

4.  5. 3. 2 Releas ing  System 

The  first  releasing  systems  used  by  the  C.  N.  E.S.  locked  the  balloon  in,  in  a 
purely  mechanical  manner,  by  articulated  arms. 

Pneumatic  locking  is  used  to  release  large  or  heavily  loaded  balloons 
(2-3  tons  gross  lift  force).  The  skin  ts  jammed  into  the  releasing  system  by  an 
inflatable  bladder  (pressurized  at  about  1 bar)  ejected  at  take-off. 

This  system  has  been  operating  satisfactorily  for  three  years.  Tests  have 
shown  that  the  film  never  slides  in  the  system  so  that  it  never  tears. 

4.  5. 3. 3 Stranglers 

This  is  a "gadget"  but  very  useful  when  the  bubble  is  inflated.  Four  or  five 
stranglers  spaced  about  2 meters  apart  compress  the  balloon  (below  the  inflating 
hose  inlet).  Upon  Inflation,  the  available  volume  for  the  gas  is  limited  so  that 
when  the  wind  is  blowing  it  does  not  act  like  a sail,  which  would  be  catastrophic. 
The  stranglers  are  lifted  out  one  by  one  by  means  of  lines  hanging  to  the  ground 
and  connected  to  "pins"  (parachute  system). 

4.  5. 3. 4 Anchoring  Auxiliary  Balloons 

The  auxiliary  balloon  or  balloons  are  generally  inflated  at  the  beginning  of 
operations.  The  lifting  force  is  measured  simply  by  means  of  a dynamometer 
anchored  to  a fixed  point. 
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The  auxiliary  is  then  tethered  to  a small  winrh  mounted  on  a vehicle  (jeep, 
for  example).  An  explosive  cable-cutter  is  inserted  at  the  tethering  point,  and 
controlled  from  the  ground  by  a wire. 

Before  launching,  the  payload  package  is  hooked  to  the  auxiliary.  The  winch 
then  unwinds  to  raise  the  package  a few  yards  off  the  ground,  the  balloon  being 
held  directly  by  its  hook.  At  the  moment  of  launching,  the  operator  causes  the 
vehicle  and  the  auxiliary  balloon  to  separate.  The  auxiliary  then  takes  off, 
pulling  the  payload  behind  it. 

4.6  Recovery  Methods 

The  Launching  Center  has  (1)  a Do  28  twin-engined  aircraft,  (2)  two  light 
recovery  vehicles  with  trailers  (Land  Rovers)  and  (3)  a truck  to  pick  up  heavy  or 
cumbersome  payload  packages. 

All  these  vehicles  have  their  own  navigation  facilities,  and  in  addition 
(1)  a homing  device  to  track  the  beacon  with  which  each  flight  system  is  equipped 
and  (2)  VHF  and  HF  (SSB)  telecommunication  equipment. 

The  aircraft  takes  off  before  the  end  of  the  flight,  and  arrives  at  the  spot 
where  the  parachuted  capsule  will  touch  ground.  It  locates  the  impact  point  and 
transmits  very  precise  coordinates  on  an  ordinance  survey  map  to  the  ground 
recovery  vehicles.  In  the  case  of  difficulty.  It  remains  on  the  spot  and  guides  the 
vehicles  by  sight. 

For  several  years  this  procedure  has  yielded  a 100  percent  recovery  rate. 
Applied  to  the  BRAZIL  field  trip  in  1973,  it  gave  the  same  results. 

The  only  difficult  problem  is  that  of  recovery  in  the  mountains  or  at  sea, 
for  which  the  C.  N.  E.S.  is  not  equipped.  Agreements  have  been  drawn  up  with  the 
army  and  the  police  force  so  that  helicopters  and  patrol  craft  belonging  to  these 
bodies  can  be  used  if  necessary  (2  to  3 times  per  year). 

5.  CONCLLSION 

After  12  years  of  existence,  the  C.  N.  E.S,  Stratospheric  Balloon  Launching 
Center  may  be  considered  one  of  the  most  effective  tools  in  French  space 
research,  and  also  international  research.  The  economical  nature  of  balloon 
flights  makes  them  escape  the  budgetary  restrictions  of  c*her  space  research. 

As  the  number  of  clients  does  not  seem  to  be  about  to  decline.  It  seems  that  we 
may  be  very  confident  of  the  future. 
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Updoring  Free  Balloon  Technology 

J.  R.  Holton 
Win ion  Research  Inc. 
South  Saint  Paul,  Minnesota 


Abstract 


Balloon  slz.es  continue  to  Increase  with  fabrication  of  two  bal- 
loons In  excess  of  50  million  cubic  feet.  Dynamic  launch  of  heavier 
payloads  In  the  range  of  5000  to  over  6000  pounds  has  progressed  In 
the  operations  field.  A review  of  size  and  performance  data  since 
the  last  AFCRL  Symposium  Is  presented.  While  the  size  of  balloons 
and  payloads  have  Increased,  a new  method  of  launching  for  heavier 
payloads  and  larger  balloons  has  proceeded  further  toward  successful 
development.  This  reefing  sleeve  vertical  Inflation  procedure  was 
reported  In  the  earlier  phases  of  development  at  thi  Seventh  AFCRL 
Symposium  and  has  now  been  used  at  NCAR  and  AFCRL.  Updated  results 
will  be  reported. 
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Ir.lien  we  talk  about  Improving  free  balloons  we  are  talking  about 
three  basic  objectives  which  are  to  increase  altitude,  load  capacity 
and  flight  duration.  In  achieving  these  objectives  the  three  areas 
of  design,  manufacturing,  and  field  operations  must  be  considered 
with  their  interrelationsnlps.  Open  end  objectives  nay  sometimes  be 
nebulous  or  fuzzy,  so  it  is  important  to  set  some  goals  that  are  very 
difficult,  but  not  impossible  to  achieve.  With  this  in  mind  this  pa- 
per will  set  some  goals  to  achieve  the  above  objectives,  update  the 
current  technology,  and  suggest  some  reasonable  approach  to  achieving 
or  exceeding  the  goals. 

Increasing  altitude  requires  larger  balloons  * lighter  mater- 
ial. A reasonable  goal  to  set  for  an  objective  is  considered  to  be 
lifting  a scientific  package  of  200  pounds  to  180,000  feet!.  While  it 
looked  as  if  this  objective  was  being  approached  rapidly  with  the 
performance  of  the  47.8  million  cubic  foot  balloon  of  0.35  mil  Strat- 
oPllm#  that  took  350  pounds  to  170,000  feet  at  APCRL,  Chico,  in  1972, 
it  has  yet  to  be  achieved.  Significant  advances  in  the  last  few 
years  at  Wlnzen  Research  Inc.  in  thin  film  extrusion,  in  Improved 
sealing  machines  and  in  multi-cap  sealing  techniques  and  design  indi- 
cate that  this  altitude  objective  can  currently  be  reached.  Pigure  1 
shows  altitudes  by  years.  The  maximum  altitudes  sttalned  were  pro- 
gressively higher  each  year  with  146,000  feet  in  1967,  158,000  in 
1968  and  161,000  in  1969.  However,  in  1970  no  flights  exceeded 
150,000  feet.  Altitudes  up  to  160,000  in  1971  and  170,000  in  1972 
were  achieved.  Maximum  altitudes  in  1973  and  1974  were  under  160,000 
feet,  but  more  balloons  with  significantly  larger  payloads  were  flown 
In  the  category  of  thin  film  balloons  of  0.6  ail  down  to  0.35  mil, 

i 

the  average  payload  has  Increased  from  400  pounds  in  1965  to  1900 
pounds  in  1974  while  the  average  altitude  has  decreased  4000  feet. 

The  average  balloon  volume  has  doubled  since  1965.  Prom  these  aver- 
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Figure  1.  Summary  of  Balloon  Flights  With  Volume  Greater  Than  10  mm  ft3 
and  Film  Gauge  of  0.  6 Mils  or  less. 
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age  values  It  would  seem  that  heavier  payloads  to  an  altitude  around 
130,000  Is  the  main  objective.  This,  however,  requires  basically  the 
same  development  thrust  as  does  extreme  altitude  performance.  Both 
require  larger  balloons  with  higher  strength  to  weight  ratio  mater- 
ials. 

Heavy  Load:  A reasonable  goal  for  heavy  payload  is  considered 

to  be  lifting  20,000  pounds  to  100,000  feet.  There  have  been  at 
least  35  payloads  In  excess  of  4000  pounds  successfully  flown  In  the 
last  five  years  on  StratoFilm®  balloons.  The  heaviest  loads  of  8,379 
and  9,040  pounds  were  flown  on  6.87  million  cubic  foot  tandem  balloons 
of  l.fa  mil  StratoFilm®  with  two  1.8  mil  StratoFilm®  caps  to  84,000 
feet.  The  launch  balloons  were  of  mylar  scrim  material.  A third 
balloon  of  this  size  tandem  model,  but  with  a StratoFilm®  launch  bal- 
loon has  not  yet  been  flown.  The  third  largest  payload  of  7,424 
pounds  flown  or.  StratoFilm®  had  a main  balloon  volume  of  18.9  million 
cubic  feet  and  flew  to  106,000  feet.  It  was  constructed  of  1.5  mil 
StratoFilm®  with  a 2 mil  cap  and  used  a launch  balloon  of  323,000  cub- 
ic feet  made  from  2 mil  double-wall  StratoFilm®.  Other  smaller 
loads  of  3500  ard  3800  pounds  were  flown  on  27. 3 million  cubic  feet 
StratoFilm®  balloons  In  a tandem  configuration  with  mylar  scrim 
launch  balloons  to  125,000  feet. 

Most  significant  advances  In  operations  techniques  have  re- 
sulted In  seven  or  eight  flights  with  loads  In  the  5000  and  6000  lb. 
range  using  a dynamic  launch.  The  heaviest  payloads  ever  launched 
with  a dynamic  type  launch  were  6321  and  63OO  pounds  by  NCAR  and 
AFCRL.  These  6.68  million  cubic  foot  balloons  of  1 rail  StratoFilm® 
and  1 mil  plus  1.5  mil  caps  flew  to  92,000  feet.  Close  behind  these 
heavy  load  dynamic  launches  was  6155  pounds  flown  on  a 19.76  million 
cubic  foot  balloon  of  1.0  mil  StratoFilm®  with  two  1.5  mi  1 caps.  The 
balloon  was  flown  by  NCAR  to  an  altitude  of  112,000  feet  for  14  hours. 
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Figure  2 shows  performance  data  for  heavy  loads  flown  in  the  last  10 
years.  Despite  these  impressive  performances  by  operations  crews,  it 
is  felt  that  this  is  close  to  the  maximum  stresses  that  a plastic 
balloon  can  withstand  in  the  indeterminate  conditions  sustained  in  a 
dynamic  launch.  As  reported  in  the  Seventh  AFCRL  Scientific  Balloon 
Symposium,  September  1972,  a development  program,  sponsored  by  the 
Office  of  Naval  Research,  was  in  progress  to  achieve  a launch  system 
for  vertical  inflation  of  giant  balloons.  We  have  every  confidence 
that  this  system  when  fully  developed  will  enable  achievement  of  the 
goal  to  take  20,000  pounds  to  100,000  feet.  Since  last  reported  a 
successful  flight  was  conducted  with  an  0.5  mil  StratoFllm®, 0. 25  mil- 
lion cubic  foot  balloon  using  the  reefing  sleeve  design  to  protect 
against  the  ground  winds  of  5 - 8 knots.  Three  ground  inflations  of 
2 million  cubic  foot  balloons  were  made  by  NCAR  and  AFCRL  for  train- 
ing and  continuing  development  purposes.  Several  required  modifica- 
tions were  evident  after  these  development  test  operations.  The 
reefing  sleeve  closure,  required  to  protect  the  balloon  during  excur- 
sions or  sweep  across  the  ground  during  erection  of  the  inflating 
bubble,  was  accomplished  by  reefing  lines  restrained  by  lanyard-released 
pin  fittings.  These  pins  were  pulled  as  the  reefed  balloon  left  the 
ground.  It  was  decided  that  this  procedure  was  too  complicated  and 
could  be  performed  adequately  by  using  a plastic  tear  panel  such  as 
has  been  successfully  used  on  hundreds  of  large  balloons  with  current 
design  reefing  sleeves.  It  was  also  decided  that  the  cables  required 
to  operate  the  restraint  line  cutters  and  the  cutters  themselves 
could  be  contained  within  the  reefing  sleeve.  There  would  thus  be  no 
external  lines,  wires  or  hardware  to  snag  on  ground  objects,  or  be 
abraded  due  to  sliding. 

Currently  there  are  three  balloons  equipped  with  a fabric  reef- 
ing sleeve  for  the  vertical  Inflation  launch  that  are  awaiting  flight 
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test.  The  design  payloads  are  5000,  7500  and  10,000  pounds.  The  in- 
termediate load  balloon  of  6.45  million  cubic  feet  is  an  ONR  balloon 
at  NCAR  for  test  flight,  and  the  4.38  and  32.1  million  cubic  feet 
balloons  are  at  AFCRL. 

A program  to  achieve  the  stated  objective  for  heavy  load  flight 
might  be  first  to  fly  at  least  two  more  two-million  cubic  foot  bal- 
loons at  each  operation  facility  to  evaluate  the  mentioned  modifica- 
tions and  to  familiarize  flight  crews  mere  thoroughly  with  the  launch 
operations  technique.  Then  the  larger  balloons  snould  be  flown — or 
modified  if  necessary,  and  flown.  With  a successful  10,000  pound 
flight  completed,  additional  balloons  designed  for  payloads  increas- 

'i 

lng  in  2000  pound  increments  to  meet  the  objective  should  be  fabri- 
cated and  flown.  If  the  balloon  can  be  Inflated  and  started  on  it3 
flight  in  the  ascent  attitude  without  the  trauma  of  rapidly  shifting 
stresses  and  snapping  of  plastic,  the  assurance  of  a successful 
flight  is  tremendously  improved. 

Long  Duration:  The  optimum  balloon  for  long  duration  flight  is 

a superpressure  balloon,  which  permits  the  pressure  instead  of  volume 
to  change  because  of  temperature  variation  caused  by  sunset  and  sun- 
rise, cloud  cover  or  other  factors.  With  the  inproved  geopolitical 
situation  and  the  improved  technology  of  world-wide  data  retrieval, 
development  of  a large  circumnavigating  balloon  is  a high  priority 
scientific  requirement.  A reasonable  goal  at  this  time  is  to  develop 
a superpressure  plastic  balloon  that  will  float  700  pounds  at  an  al- 
titude of  140,000  feet  for  a period  of  two  months  or  to  circumnavir 
gate  the  earth. 

il  ! 

Some  progress  has  been  made  toward  this  goal  using  primarily 
small  mylar  laminate  balloons.  The  GHOST  program  by  NCAR  has  been 
circumnavigating  the  earth  many  times  for  several  years  with  small 
balloons.  In  1968  a 66  foot  diameter  StratoFllm®  balloon  with  no 
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supporting  tapes  flew  from  England  to  Canada  with  5 kilograms  at  10 
mb.  In  March  1973  a mylar  balloon  of  137,000  cubic  feet  flew  around 
the  earth  twice  with  a payload  of  50  kilograms  at  30  mb  and  was  re- 
covered within  15  kilometers  of  the  launch  site. 

The  limiting  ftctor  on  an  unsupported  film  such  as  polyethylene 
or  polyester  is  the  material  strength  below  the  elastic  limit  requiad 
for  supporting  the  payload  plus  the  superpressure  stresses.  This 
stress  for  a given  payload,  balloon  weight  and  altitude  la  directly 
proportional  to  the  balloon  diameter  or  radius  of  curvature  of  the 
shell.  If,  however,  a network  of  strong  tapes  or  lines  are  used  to 
support  the  gas  barrier,  the  stress  in  the  film  will  be  proportional 
to  the  local  radius  of  curvature  of  the  film  in  each  panel  rather 
than  to  the  total  spheroid  radius.  This  concept,  dating  back  to  the 
very  beginning  of  ballooning,  was  presented  to  NASA,  Manned  Space- 
craft Center  in  1969  as  a means  to  use  an  economical  material  such  as 
StratoPllm#  in  superpressure  balloon  construction.  StratoFila^  is 
many  times  more  economical  as  a material  for  manufacturing  large  bal- 
loons due  not  only  to  lower  material  costs  but  to  faster  manufactur- 
ing processes  that  can  be  used.  It  further  has  the  ability  in  large 
structures  to  equalize  high  stress  irregularities  without  ultimate 
failure. 

After  a number  of  ground  inflation  tests  and  two  flight  tests 
with  rectangular  panels  formed  by  load  tapes,  the  program  was  redir- 
ected toward  the  old  fashioned  diamond  or  triangular  shaped  panels. 
Two  ground  test  balloons  of  this  configuration  with  panel  areas  com- 
parable to  a full  size  superpressure  balloon  were  tested  to  2.4 
Inches  of  water  pressure.  At  140,000  feet  the  pressure  differential 
across  these  15  square  foot  panels  would  be  approximately  0.0056 
inches  of  water,  so  the  test  was  far  in  excess  of  flight  requirements. 
The  structural  meridional  and  circumferential  tapes  and  lines  would 


266 


provide  strength  to  take  the  payload  and  superpressure  stresses  at 
this  altitude  which  are  generated  as  a function  of  the  superpressure 
and  balloon  radius  plus  payload. 

A viable  program  for  achieving  the  long  duration  objective  with 
StratoFilm®  balloons  would  be  to  resume  the  program  started  under 
NASA  NSC  sponsorship  by  optimizing  structure  of  the  lines,  tapes  and 
panel  shapes  using  larger  ground  inflation  balloons  of  about  60  feet 
in  diameter.  It  is  recognized  that  an  Improved  StratoFilm®  with 
better  abrasion  resistance  may  be  necessary  and  work  toward  thi3  end 
has  been  initiated  by  Winzen  Research.  Progression  to  flight  opera- 
tions with  this  size  balloon  and  then  implementing  flights  with  in- 
creasingly larger  balloons  to  meet  the  final  objective  should  be  pro- 
grammed. 
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Abstract 


Some  unique  design  problems  and  characteristics  of  pressure  hot  airships  are 
identified  and  discussed.  Computation  study  results  are  provided.  The  con- 
clusion is  drawn  that  hot  airships  are  useful  tn  performing  certain  missions.  An 
appendix  of  significant  equations  is  also  provided. 


1.  INTRODUCTION 

The  information  provided  tn  this  paper  ts  the  result  of  about  three  years  of 
private  study  by  the  authors.  The  result,  beyond  this  paper,  is  the  ongoing 
development  of  a hot  airship  and  an  IBM  370/155  FORTRAN  program  for  pressure 
hot  airship  design.  The  purposes  of  this  hot  airship  are  twofold;  collection  and 
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verification  of  research  and  development  data;  exhibition  and  advertising  flights  to 
promote  more  interest  and  activity  with  the  hot  airship  vehicle  itself.  The  work 
is  being  funded  by  private  sponsors. 


2.  THERMAL  EFFICIENCY  AND  HOT  AIRSHIP  USEFULNESS 

Thermal  efficiency,  as  defined  as  j^t^added  ’ 13  a comlnon  and  useful  index 
of  the  merit  of  a work  producing  system.  It  is  useful  to  divide  the  hot  airship 
problem  into  two  parts:  air  expansion  and  hot  gas  preservation.  Theoretical  or 
ideal  thermal  efficiencies  can  often  be  calculated.  The  efficiency  of  inflation  will 
be  addressed  first. 

2.1  Tkenul  Efficiency 

The  ideal  work  done  lh  expanding  the  gas  which  Inflates  the  lighter-than-air 
vehicle  envelope  is  AW  * mR(T.  ,-T^j)  3^nce  it  is  an  isobarlc  process.  The 
ideal  heat  added  to  m is  AQ  * mCp(T.  t*T  -j),  hence  the  efficiency  = AW/AQ  » 
R/Cp.  For  air  this  becomes  Cp-Cv/Cp  * . 286.  This  efficiency  is  not  c.oaely 
approached  by  currently  used  heating  systems  (burners)  which  have  either  large 
flue  losses  (red  flame)  or  large  radiation  losses  (blue  flame).  Things  can  be  done 
to  improve  the  situation.  Specifically,  a much  larger  percent  of  excess  air  should 
be  supplied,  thereby  cooling  the  blue  flame.  Further,  radiant  heat  photons  not 
impinging  in  the  envelope  should  be  redirected  into  the  envelope  with  reflectors. 
There  is  also  the  exciting  possibility  of  using  this  hot  air  expansion  cycle  as  an 
extension  of  an  Otto  or  perhaps  Brayton  cycle  to  further  improve  overall  efficiency. 

2.2  Hast  Less 

The  examination  of  this  last  aspect  of  Improving  thermal  efficiency  leads  to 

the  clear  cut  desirability  of  an  insulated  envelope.  The  average  hot  air  sport 

balloon  of  about  1700  cubic  meters  volume  has  an  energy  loss  on  the  order  of 
2 

.4  KW/M  due  to  natural  thermal  convection  and  air  leakage  due  to  fabric  porosity 
and  needle  holes.  The  convective  heat  transfer  coefficient,  for  forced  convection 
can  rise  an  order  in  magnitude  above  this.  Because  of  this,  the  cost  and  weight 
of  insulation  in  the  envelope  is  not  the  question.  The  use  of  insulation  determines 
whether  or  not  a hot  airship  is  feasible.  The  use  of  dead  air  space  is  an  attractive 
way  to  insulate  a hot  airship  because  of  its  low  weight.  Envelope  fabric  weights 
can  be  altered  by  sharing  the  stress  between  layers  of  fabric  so  that  the  overall 
envelope  weight  increase  is  held  below  two  by  the  use  of  dead  air  space.  A 
theoretical  Investigation  has  been  completed.  Further  details  of  the  mathematical 
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models  used  and  details  of  results  are  provided  In  Sections  4 and  5 below  and  in 
the  appendices. 

2.3  Hot  Airship  Characteristics 

The  characteristics  of  airships  that  use  gas  for  buoyancy*  have  been  cussed 
and  discussed  many  times  in  many  places  by  airship  aficionados.  The  character- 
istics of  the  newly  developing  airships  that  use  hot  air  for  buoyancy  have  not 
been  so  widely  discussed  so  an  Initial  estimation  of  these  characteristics  is  of 
interest. 

(1)  The  cost  of  inflation  of  similar  volume  airship  envelopes  with  helium  as 
compared  with  hot  air  is  larger  for  helium  by  a factor  of  4000  to  5000; 

(2)  The  specific  lift  of  helium  Is  about  3 times  higher  than  hot  air  (for 
standard  atmospheric  conditions  with  the  hot  air  at  250°F  as  is  typically  possible 
with  a NYLON*  envelope); 

(3)  The  cost  of  construction  of  pressure  envelopes  (and  ballonets)  to  contain 
helium  compared  with  hot  air  is  approximately  5 to  15  times  more  expensive  for 
helium; 

(4)  The  cost  of  maintaining  inflation  is  quite  different  between  the  two  types 
of  airships.  Pressure  hot  airships  consume  fuel  to  maintain  buoyancy  at  a rate 
determined  by  the  effectiveness  of  their  Insulation,  burner  ventilation  losses 
and  envelope  leakage.  Gas  airships  consume  helium  at  a rate  determined  by  the 
leakage,  diffusion,  trim  adjustment  losses,  gross  buoyancy  adjustment  losses 
and  occasionally  by  exceeding  pressure  altitude.  However,  carefully  designed 
hot  airships  can  utilize  propulsion  engine  exhaust  heat  solely  for  maintaining 
buoyancy  In  a cruise  condition; 

(5)  The  detrimental  effects  to  flight  caused  by  reduction  of  atmospheric 
density  in  conditions  above  standard  day  temperatures  and/or  altitudes  affect  gas 
airships,  airplanes,  helicopters,  ornithopters  and  hot  airships  equally  ; 

(6)  Pressure  hot  airships,  unlike  gas  airships,  can  be  economically  and 
quickly  deflated  for  storage  and,  if  necessary,  for  surface  transportation; 

(7)  Pressure  hot  airships  are  lighter,  for  a given  volume,  than  gas  airships 
thus  facilitating  their  handling  for  storage  and  surface  transportation; 

(8)  A pressure  hot  airship  of  up  to  about  4000  cubic  meters  of  volume  can  be 
immediately  stored  in  an  automobile  garage-stzed  building  worth  about  $5000 
while  an  equal  volume  gas  airship**  requires  a full-sized  hanger  that  is  hundreds 
of  times  more  expensive; 


*DuPont  Tradename 

**The  author's  reference  is  to  a fully -Inflated  gas  airship.  Temporary 
storage  on  an  inexpensive  mooring  mast  is  also  possible.  (Ed.  Note) 
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(9)  The  hot  airship  can  hover  and/or  loiter  in  the  presence  of  atmospheric 

2 

temperature  change  withow.  valving  gas  or  dropping  ballast  as  necessary  in  a 
gas  airship: 

(10)  The  hot  airship  can  hover  to  discharge  or  pick-up  loads  without  the 
noisy  downwash  from  rotors /propellers  (downwash  produces  dust  and  flying 
debris)  as  found  on  advanced  gas  airships  (or  helicopters); 

(11)  The  hot  airship's  lift  is  very  significantly  improved  when  it  is  operated 
in  cold  environments  (arctic  regions).  For  example,  under  standard  day  condi- 
tions (50°F  outside)  a NYLON  envelope  hot  airship  at  250°F  inside  has  a lift  of 
about  20  lbs/ 1000  cubic  feet.  A NY  LON  envelope  operating  at  250°F  inside  and 
at  -20°F  outside  has  a lift  of  about  38. 5 lbs/1000  cubic  feet.  Use  of  a material 
in  the  envelope  with  higher  operating  temperature  limits  further  Improves  per- 
formance. A hot  airship  with  a KEVLAR*  envelope  operating  at  391°F  inside  on 
a standard  day  at  sea  level  has  a lift  of  about  30  lbs/ 1000  cubic  feet,  while  at 
-20°F  outside  it  has  a lift  of  43  lbs/1000  cubic  feet.  (Typically,  helium  lifts 

62  lbs/ 1000  cubic  feet.); 

(12)  The  increase  in  lift  of  a hot  airship  in  cold  climates  is  not  accompanied 
by  a proportional  increase  in  drag,  1.  e. , its  lift  over  drag  ratio  improves.  This 
may  be  seen  from  the  following: 


L » lift 
D * Drag 

p * Density  of  atmosphere 
V ■ Volume  of  envelope 
T * Temperature  (absolute) 

A • Characteristic  area 
Cj  * Coefficient  of  drag 
v » Velocity 

Notice  that  the  density  divides  out.  As  TQutild#  becomes  smaller,  the 
numerator  becomes  larger,  the  L/D  ratio  improves.  Consequently,  the  L/D  ratio 
of  a NY  LON  hot  airship  is  improved  by  90  percent  when  it  is  operated  with  the 
outside  air  at  -20°F  compared  to  standard  day  conditions.  Changing  to  KEVLAR 
will  Improve  the  L/D  ratio  by  IIS  percent  at  -20°F.  Finally,  as  a corollary. 


l.gyjalde\ 
T inside  ) 


(1/2)  p/ACj 


-where 
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! flight  in  cold  climates  will  use  less  fuel  to  heat  the  envelope  if  the  gross  weight 

i of  standard  conditions  is  retained, 

(13)  A low-heat-loss  hot  airship  can  utilize  propulsion  engine  exhaust  heat 
solely  for  maintaining  buoyancy  in  cruise  condition.  However,  for  a given  air- 
speed and  gross  weight,  the  hot  airship's  propulsion  engines  are  larger  than  on  a 
gas  airship  due  to  the  higher  drag  of  the  larger  envelope; 

(14)  If  a hot  airship  is  designed  to  fly  at  the  same  speed  as  an  equal  volume 
gas  airship  it  will  he  identical  in  mass,  and  approximately  equal  in  horsepower. 
The  equal  volume  and  same  airspeed  conditions  basically  provide  for  equal 
dynamic  lifts  from  their  envelopes.  The  equality  of  mass  of  the  two  airships 
Indicates  that  they  will  have: 

J 

(a)  An  equal  radius  of  turn, 

: (b)  equal  acceleration  in  straight  flight,  and 

(c)  equal  capability  for  termination  of  a climb  or  descent. 

! (15)  A hot  airship  may  bo  driven  up  or  down  by  stormy  air  currents  without 

; the  irretrievable  loss  of  lifting  gas  and  ballast  that  a gas  airship  experiences. 

! Thus,  the  gas  airship's  problem  of  crashing  out  of  control  in  a storm  due  to  un- 

willingly exceeding  pressure  altitude  a few  times  and  associated  exhaustion  is 
not  at  all  present  in  a hot  airship. 

Other  significant  points  will  ur  ' iedly  be  added  to  the  above  list  as  hot  air- 
ships become  operational. 

j 

2.4  VlwiMt  loc  Hm  iittkipi 

A first  listing  of  missions  especially  suited  to  accomplishment  with  hot  air- 
ships is  provided  below; 

Aerial  Exhibitions  for  Advertising 

Aerial  Photography 

Air  Quality  Sampling 

Antenna  Pattern  Measurements 

Arctic  Operations 

Border  Patrol 

Communications  Relay  Platform 
Construction  Site  Surveys 
Disaster  Relief 
Fish  Surveillance 
Flight  Training 

Fog  Dispersal  Study/Operations 
Forestry  Management 
Geological  Surveys 
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Harbor  Surveillance 
Hunting  Party  Support 

Large  Airship  In-Flight  Simulation  for  Pilot  and  Crew  Training 

Leaflet  Distribution 

News  Collection 

Ocean  Surveillance 

Pipeline/ Power  Line  Surveillance 

Police  Surveillance 

Public  Address 

Sport  Flying 

Traffic  Surveillance 

VIP  Short  Haul  Transportation 

Wildlife  Management 


3.  TIIE  HYDRODYNAMIC  APPROACH  TO  AIRSHIP  SHAPE 

The  advantage  of  using  the  mathematical  apparatus  of  hydrodynamics  in 
establishing  airship  envelope  shape  is  that  the  coordinates  of  the  profile  and  its 
velocity  distribution  are  given  in  an  analytic  form.  Further,  it  is  an  easy  step 
to  find  the  pressure  distribution  and  one  important  envelope  stress  parameter, 
the  longitudinal  radius  of  curvature. 

The  disadvantage  of  this  description  of  the  flow  is  that  it  is  an  ideal  one 
(inviscid)  not  accounting  for  the  boundary  layer.  However,  if  additional  calcula- 
tions are  made  to  approximate  boundary  layer  effects,  then  an  essentially  com- 
plete solution  of  the  envelope  shape  and  pressure  problem  has  been  found.  Cne 
previous  disadvantage  of  this  hydrodynamic  approach  was  the  formidable  amount 
of  arithmetic.  The  advent  of  electronic  computation  removed  this  difficulty. 

3.1  The  Streaai  Function 

The  notion  of  the  hydrodynamic  stream  function,  its  definition,  properties  and 

the  conditions  of  its  existence  are  given  in  the  common  works  on  this  topic, 

3 

Lamb  etc.  For  this  investigation  a stream  function  V defined  for  axisymmetrlc, 
three-dimensional  flow  was  made  up  by  the  superposition  of  flows  from  a linearly 
varying  line  source,  a linearly  varying  sink  and  a uniform  flow.  The  cylindrical 
coordinate  system  is  shown  in  Figure  1.  The  coordinates  are  X,  R.  (The  function 
is  degenerate  in  <t>. ) The  source/sink  configuration  adapted  was  chosen  from  among 
those  suggested  in  Burgess. 4 Derivation  of  the  stream  function  integral  for  a 

5 

constant  line  source  or  sink  may  be  found  in  Valentine.  Appended  to  this  paper 
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is  a brief  derivation  of  the  general  expression  for  a linearly  varying  source.  Any 
of  the  Burgess  configurations  may  be  obtained  by  superposition  of  this  function. 
For  mathematic  simplicity  the  configuration  illustrated  in  Figure  2 was  chosen. 


Figure  1.  The  Envelope  Coordinate  System.  Cartesian  X,  Y,  Z, 
Cylindrical,  r,  R,  b 


Figure  2.  The  Source-Sink  Configuration 


279 


The  airship  stream  function  for  this  configuration  Is: 


-2Q 

R2 

4-  In 

|bc-A)2  + R2-(X-A) 

2 

^X2+R2-X 

-] 

r 

1) 

«2ln 

T111 

V(X-B)2+R2-(X-B) 

^x2+r2-x 

- 

^X- B)2+X2(^S).^XJ*H2  (J) 

+ 
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U 


free 


R 
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.2  Velocity 

Since  the  velocity  components  for  axisymmetric  flow  are 


VX  =R  A • VR  * *Ha&  * 

The  velocity  profile  Is  given  by 


vx-*s  s-3 


• (SM ) * 2j”  ('frixf  ' ) 


■M 


8ln  ®A  R 8in  *' 


B2 


-W 


+ Ufree<  and 


3.3  LoagitudiuU  Radiy*  of  Curvature 

The  longitudinal  radius  of  curvature  for  purpose  of  finding  stresses  can  be 

C 

derived  for  a hydrodynamic  shape.  The  correct  expression  for  the  total  second 
derivative  of  R with  respect  to  X when  they  are  related  by  a function  il>QC,  R)  ■ 0 
is: 


281 


Remembering  the  hydrodynamic  relations: 


V 


x 


i a± 

R dR 


and  VR 


' R 3X 


and  substituting  them  into  the  above*, 

d2R  , *XX  VX  ' 2 'hP  VX  VR  * ^RR  VR2 
dX2  RVX3 


The  curvature  is  given  by 


K 


do 

dS 


Of  course  da/dS  is  radians  of  direction  change  per  unit  of  path  length.  The  radius 
of  curvature  is  Rc  * l/K.  The  analytic  expressions  in  addition  to  VR  and 
that  are  needed  are  ^RR  'hcR'  Theae  second  partial  derivatives  must 

be  found  for  the  specific  stream  function  being  used. 

The  usefulness  of  hydrodynamics  is  brought  to  an  end  with  the  above  informa* 
tion.  Now  it  is  necessary  to  look  at  the  effects  of  viscosity. 


4.  BOUNDARY  LAYER  CALCULATIONS 

Elegant  empirical  solutions  and  excellent  numerical  techniques  have  been 

7 

developed  to  deal  with  boundary  layer  effects.  However,  since  that  inquiry  is 
not  the  main  focus  of  this  study,  rather  liberal  approximations  were  made.  The 
mathematical  model  employed  utilizes  a one -dimensional,  energy  oriented 
technique. 

The  primary  assumption  of  this  model  is  that  since  the  longitudinal  radius 
of  curvature  of  the  vehicle  is  large  compared  witn  the  boundary  layer  thickness, 
the  layer  may  be  handled  as  a piece-wise  smooth  flat  plate.  It  is  further  assumed 
that  the  energy  profile  for  the  flow  is  one  degraded  by  the  energy  dissipated  by 
the  akin  friction  determined  by  the  hydrodynamic  velocity  distribution.  Hence 
the  expected  pressure  recovery  of  the  hydrodynamic  case  is  not  realized. 


♦This  may  be  done  just  in  case  it  can  be  shown  that  ^ R * *R  X 
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When  the  dissipation  integral  rises  to  the  value  of  the  local  dynamic  pressure, 
it  is  assumed  that  the  boundary  layer  ha3  separated  and  the  local  pressure  has 
returned  to  the  atmospheric  pressure. 

The  skin  temperature  vised  is  provided  by  the  solution  of  the  thermal  circuit 
of  the  vehicle  wall. 

Admittedly,  this  model  is  an  optimistic,  isentropic  one;  consequently  the 
pressure  drag  found  is  somewhat  low.  This  slightly  low  value  of  pressure  drag 

U 

is  Compensated  for  by  a slightly  high  skin  friction.  Disturbances  caused  by  the 
empennage  are  lumped  into  the  overall  drag, 

4.1  Skin  Friction 

The  local  Reynolds  Number  was  calculated  at  each  integration  rtep  of  air 
stream  path  along  the  ship  Irom  nose  to  tail.  The  number  was  found  using  the 
hydrodynamic  velocity  distribution.  Since  this  distribution  provides  higher 
velocities  than  found  in  a real  gas,  skin  friction  predicted  using  it  will  be 
pessimistic,  i.  e. , larger  than  actually  encountered.  Since  there  are  always 
fittings,  seams  and  other  protrusions  which  increase  the  drag,  and  since  the 
above  model  has  mathematical  simplicity,  it  was  used.  The  local  skin  friction 

coefficient  was  obtained  using  the  Prandtl-Schlichting  skin  friction  formula  for 

9 

a smooth  flat  plate  at  zero  Incidence. 

i.2  Pressure  Draft 

An  integration  of  the  force  against  the  vehicle  due  to  the  revised  pressure 
distribution  leads  to  a pressure  drag.  Since  the  vehicle  entrains  a wake  of  air 
moving  with  it  which  has  a momentum  change  equivalent  to  the  drag  force,  it  is 
possible  to  find  a new  non-closing  hydrodynamic  shape  which  possesses  the  non- 
recovering pressure  distribution*.  Ordinarily  the  total  source  flow  is  equal  to 
the  total  sink  flow  in  the  hydrodynamic  equations.  The  non-closing  shape  has  a 
total  source  flow  greater  than  the  total  sink  flow.  The  uniform  flow  velocity  and 
the  airspeed  used  for  drag  calculations  should  be  the  same.  The  source  flow  is 
made  equal  to  the  sink  flow  plus  the  flow  entrained  by  drag.  See  Figure  3. 


♦This  could  be  done  after  the  pattern  coordinate  is  found  from  the  closing 
source/sink  configuration. 
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Source  * Sink  + Drag  Wake 

Figure  3.  The  Non-Recovering  Pressure  Distribution 


4.3  Convective  Heal  Transfer  Coefficients 

The  physics  of  the  convective  heat  transfer  coefficients  are  discussed  below. 
Means  for  calculating  their  values  are  referenced  as  well. 

4.  3. 1 FREE  OR  THERMAL  CONVECTION  ON 
THE  INTERIOR  ENVELOPE  SURFACE 

There  are  two  distinct  modes  of  circulation  inside  a 
hot  air  lifting  compartment  characterized  by  whether  or 
not  the  burner  is  being  operated.  The  air  currents 
caused  during  the  burn  drive  a form  of  quasi-forced  con- 
vection. See  Figure  4.  In  the  relaxation  time  between 
burns,  the  flow  path  is  similar  but  much  milder.  If  the 
wall  is  insulated,  then,  because  the  inner  wall  is  almost 
as  warm  as  the  enveloped  air,  the  internal  thermal 
boundary  becomes  quite  thick  and  laminar  enhancing  the 
already  good  thermal  resistance  of  the  wall.  Thus, 
violent  air  currents  during  the  addition  of  heat  must  be 
"designed  out". 

The  theoretical  value  for  the  internal  convective 
coefficient  may  be  calculated  from  equations  offered  in  Appendix  C.  If  those 
expressions  are  used  to  find  the  heat  loss  by  a typical  sport  balloon,  they  may 
appear  low.  Actually,  more  than  half  of  the  fuel's  energy  for  that  class  of  vehicle 
is  lost  via  leakage  (porosity  and  needle  holes),  radiation  and  in  many  cases  due 
to  excessive  flue  losses  (poor  combustion). 

4.  3.  2 FORCED  CONVECTION  ON  THE  EXTERIOR  ENVELOPE  SURFACE 

The  equations  used  in  the  computer  program  study  are  given  in  Appendix  D. 

Both  the  skin  friction  coefficient  and  the  convective  heat  transfer  coefficient 
are  functions  of  the  Reynolds  number.  The  influence  of  a heated  skin  upon  air 
drag  and  heat  loss  can  be  determined  by  a brief  examination  of  the  functions  used. 
The  kinematic  viscosity  is  a rapidly  increasing  function  of  temperature  for  air. 


Figure  4.  Air  Current 
Paths 
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The  Reynolds  number  Rev  , therefore,  is  depressed  by  an  increase  in 

A V 

skin  temperature.  This,  in  turn,  causes  the  local  friction  to  increase. 

5.  HE4T  TRANSFER  CALCI  UTIONS 

The  subject  of  the  convective  heat  transfer  coefficients  is  dealt  with  above 
in  the  discussion  of  the  boundary  layer  effects.  The  effects  of  the  envelope  side 
wall  are  addressed  below. 

a.  1 Thermal  Circuit  of  the  Envelope  lull 

Actually,  using  the  concept  of  a thermal  circuit,  the  boundary  layer  for  the 
exterior  is  but  one  of  several  compon  nts  in  a series  of  heat  transferring  media. 
The  premise  on  which  this  argument  is  founded  is  summarized1  here.  The  en- 
velope wall  is  assumed  to  be  a surface  sufficiently  flat  and  subject  to  sufficiently 
mild  temperature  gradients  as  to  allow  the  local  element  of  the  wall  to  be 
analysed  one-dimensionally.  For  the  envelope,  the  surface  integral  may  be  per- 
formed so  as  to  find  an  overall  surface  resistance.  In  analogy  with  Ohms  law,  the 
heat  flow  is  to  a current  as  the  temperature  difference  is  to  the  electrical  voltage, 
hence  if  QTX  = U • A > AT  then  1/UA  = % , the  "thermal  resistance". 

5.  1.  1 POSSIBLE  CIRCUIT  COMPONENTS 

The  minimum  circuit  components  would  be  those  of  a single  layer  vehicle 
namely, 

(a)  The  inner  thermally  convective  boundary  layer. 

— ...  4 Watts 

h = approximately  — 

c Meter4  °K 

(b)  The  fabric  material  forming  the  surface, 
k/t  = approximately 

Meter  °K 

(c)  The  outer  forced  convective  boundary  layer 

r-  3-3/4  Watts  . 50  Watts 

c Meter4  °K  Meter  °K 

(The  value  3-3/4  is  for  free  ballooning,  l.  e. , no  air  speed. ) 
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When  deed  air  spaces  are  incorporated  within  the  envelope  walls  their  con- 
ductivity is  about  2.  84  Watt  Centimeters  / Meter2  °K  tor  each  centimeter  of  space 
thickness. 

S.  1. 2 TYPICALLY  EXPECTED  THERMAL  RESISTANCE 

Obtaining  an  overall  heat  transfer  coefficient  in  the  vicinity  of  . 2 Watts/ 

Meter2  °K  for  a pressure  hot  airship  does  not  present  a large  technical  problem. 

2 

Such  a vehicle  having  a surface  of  2000  Meters  would  present  a thermal 
resistance  of  2.  S°K/KW  power. 

S.2  Vail  T«af(MiN  Profile 

The  temperature  distribution  through  the  wall  can  be  found  from  the 
simultaneous  solution  of  the  heat  transfer  equations  tor  the  circuit  components. 
Proceeding  from  the  inner  boundary  layer  to  the  outer  one  they  are: 


2 ■ <K«)nw,  -Ti> 


f ■ <7*,  • CT,  - Tln)  . 

2*  <K  ■ <T„  - W 

2 • ®C,IT.kto  • To«.r> 


for  i » 1,  2 . . . for  n wall  components,  where: 

E * Average  convective  heat  transfer  coefficient  In 


Meter  K 


(Tk  » Temperature  in  degrees  Kelvin); 


kj  • Conductivity  for  the  1-th  component  in  — ESBUBmStJ 

Meter*  K 

t^  * Wall  thickness  tor  the  1-th  component  in  centimeters; 

T|  * Kelvin  temperature  of  the  inside  wall  of  i-th  component; 
A * Surface  of  wall  normal  to  the  heat  path  in  Meters  ; and, 
Q * Heating  power  in  Watts  and  finally. 
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1 BTU/Hour  = . 2928757  Watts 
or 

1 Megawatt  - 3. 414418  million  BTU/Hour. 

6.  THE  INFLUENCE  OF  FINENESS  RATIO 

The  subject  of  fineness  ratio  (Fr)  In  airship  design  has  been  quite  controver- 
sial. The  approach  taken  to  selection  of  Fr  for  hot  airships  in  this  study  was  to 
run  the  design  program  (See  Section  7)  at  a number  of  values  of  Fr.  keeping 
volume  constant.  Drag  and  mass  were  affected.  The  results  are  graphically 
presented.  They  indicate  that  an  optimum  value  of  Fr  is  possible  and.  for  the  par- 
ticular design,  its  value. 

As  discussed  in  Section  4,  the  drag  is  composed  of  skin  friction  and  pressure 
induced  components.  These  components  are  described  below  for  a specific  hot 
airship  of  a volume  of  4000  cubic  meters,  operating  at  an  altitude  of  1000  meters  at 
20  meters/second,  resulting  in  a dynamic  pressure  of  2. 102  millibars. 

6.1  Drag  as  a Faaclioa  of  Fiaeaess  Ratio 

Figure  5 provides  the  drag  components  and  their  total  for  a specific  hot  air- 
ship under  the  stated  conditions.  The  skin  drag  increases  as  Fr  increases  due  to 
the  added  surface  area  of  the  envelope.  The  pressure  drag  decreases  as  Fr 
increases  due  to  a larger  percentage  of  pressure  recovery.  The  total  drag  of 
the  bare  envelope  is  the  summation  of  the  components.  Notice  the  sharp  change 
of  slope  in  the  total  drag  force  in  kilograms  near  FR  * 3. 5.  This  fact  along  sug- 
gests Fr  of  3.  5 be  considered  a minimum  acceptable  value  since  the  drag  at 
Fr  » 3.  5 is  about  56  percent  less  than  the  drag  at  Fr  * 2.  5.  However,  the  effect 
of  increasing  Fr  on  drag  is  offset  by  the  increase  in  airship  weight  as  described 
next. 

6.2  Hass  • Faactiei  af  Fiaeaeas  Rail* 

Figure  € provides  the  significant  mass  components  and  their  total  affecting 
hot  airship  mass  for  the  same  conditions  described  above  regarding  drag.  These 
components  are  envelope  mass  and  engine  mass.  The  envelope  mass  increases 
as  Fr  increases  principally  because  more  fabric  is  needed  to  enclose  the  constant, 
specified  volume.  The  engine  mass,  assuming  a fixed  horsepower  to  weltfit  ratio 
and  fixed  propulsion  efficiencies,  decreases  as  Fr  increases  because  the  total  drag 
behaves  as  shown  previously  in  Figure  5. 


287 


FlfBESS  RATIO 

Figure  6.  Mass  Versus  Fineness  Ratio 


6.1  Optima  KittMta  Ratio 

The  significant  point  is  that  in  respect  to  the  total  mass  that  there  exists  a 
minimum  at  an  Fr  of  approximately  4. 1.  This  minimum  in  total  mass  is,  of 
course,  desired  because  it  means  a better  overall  performance  and  for  a given 
performance,  a lower  cost  to  operate.  Moreover,  since  the  specific  lift  of  hot 
air  is  about  1/3  of  that  of  helium, attention  to  Fr  effects  in  hot  airships  is  well 
worthwhile. 

6.1  Estelope  Shape  C.oefCiciea's  I 

I 

A table  of  shape  coefficients  of  the  hot  airship  envelopes  used  in  the  Fr  study 
described  above  is  provided.  (See  table  1.)  The  hydrodynamic  parameters  A,  B 
and  Q that  were  used  with  Ufree  to  produce  these  coefficient!)  are  included. 
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Table  1 . Envelope  Shape  Coefficients 


Fineness 

Ratio 

Max. 

Diam. 

Length 

Cyl. 

Coef. 

A 

B 

Q 

14.691 

36.  890 

. 63979018 

-13.002 

19.239 

1728.7 

13.723 

41.329 

.65447557 

-16.598 

24.730 

1408.4 

13.005 

45.  702 

.65904427 

-18.541 

27.161 

1215.  1 

12.424 

49.880 

.66121596 

-19.622 

28.438 

1079.  5 

11.940 

53.922 

. 66257012 

-21.704 

30.710 

978.  1 

5.0 

11. 524 

57.8x0 

. 66348195 

-23.615 

32.911 

898.  1 

Vol  = 4000  m3 

Speed  = 

20  m/sec 

cv» 

II 

8- 

101  mb 

Alt 

1000  m 

U.  = 100  m/3ec 


The  units  associated  with  the  source  end  A and  the  sink  end  B are  meters  from 
a point  which  for  convenience  is  the  origin.  The  strength  of  the  source  (and  sink) 
is  Q in  meters3/second.  The  length  and  maximum  diameter  are  in  meters.  The 
cylindrical  coefficient  is  without  dimension.  It  represents  the  airship's  fraction  of 
the  volume  of  a cylinder  th  t just  encloses  the  envelope.  This  coefficient  is  useful 
for  estimating  volume,  length,  maximum  diameter  relationships  when  other  sizes 
of  envelopes  are  being  considered. 

6.5  Eaveiope  Coordinate* 

A table  of  envelope  coordinates  (table  2)  U presented.  At  the  level  of  detail 
presented  "artists  conception"  type  of  information  on  the  shape  may  be  obtained. 
Actual  design  and  pattern  information  is  much  more  detailed  in  the  program  in 
use. 

The  values  of  X are  in  meters  lepresenting  stations  along  the  length  of  the 
envelope.  The  corresponding  values  of  R,  radii,  are  in  meters.  The  program  as 
designed  did  not  produce  stations  on  round  number  locations.  The  addition  of  a 
constant,  &,  completes  the  station  location  Information.  Notice  that  the  closure 
of  the  nose  and  tall  is  not  indicated.  These  locations  may  be  obtained  for 
graphical  use  by  drawing  fair  lines. 


290 


i_-  . 


Table  2.  Envelope  Coordinates 


Pr  « 
x+<5 

2.5 

R 

3.0 

R 

3.5 

R 

4.0 

R 

4.5 

R 

5.0 

R 

0 

1.74 

.97 

1 13 

1.26 

1.71 

1.54 

2 

3.93 

3.31 

3.11 

2.89 

2.93 

2.71 

4 

5.11 

4.44 

4.11 

3.80 

3.70 

3.44 

6 

5.91 

5.22 

4.81 

4.45 

4.27 

3.99 

8 

6.49 

5.79 

5.34 

4.95 

4.72 

4.41 

10 

6.89 

6.20 

5.74 

5.34 

5.07 

4.76 

12 

7.15 

6.50 

6.04 

5.64 

5.35 

5.04 

14 

7.30 

6.71 

6.26 

5.86 

5.57 

5.27 

16 

7.35 

6.82 

6.40 

6.03 

5.74 

5.45 

18 

7.30 

6.86 

6.48 

6.14 

5.86 

5.58 

20 

7.16 

6.84 

6.50 

6.20 

5.93 

5.67 

22 

6.94 

6.75 

6.48 

6.21 

5.97 

5.73 

24 

6.62 

6.60 

6.40 

6.19 

5.97 

5.76 

26 

6.19 

6.39 

6.29 

6.13 

5.94 

5.76 

28 

5.64 

0.12 

6.12 

6.03 

5.88 

5.73 

30 

4.91 

5.77 

5.91 

5.90 

5.79 

5.68 

32 

3.92 

5.34 

5.65 

5.73 

5.67 

5.60 

34 

2.35 

4.79 

5.33 

5.52 

5.52 

5.50 

36 

0.08 

4.09 

4.93 

5.26 

5.34 

5.37 

38 

3.14 

4.45 

4.96 

5.12 

5.22 

40 

1.52 

3.85 

4.59 

4.96 

5.04 

42 

3.05 

4.14 

4.56 

4.C2 

44 

1.81 

3.60 

4.19 

4.57 

46 

2.88 

3.76 

4.28 

48 

1.81 

3.21 

3.93 

30 

2.50 

3.51 

32 

1.37 

3.00 

34 

2.33 

36 

1.27 

2.5 

.44 

3.0 

.16 

3.5 

add  following  0 tc  X, 

.35 

add  following  A to  X 

4.0 

( for  X before  and  In- 

.44 

| for  X after  maxi- 

4.5 

cluding  maximum  R 

.96 

mum  R ) . 

5.0 

(radiua) | . 

.91 

EXAMPLE 

22  

For  Fr  “ 


22.65 

3.5 


7.  COMPl'TKK  PROt.RWl  0\ ERNIE# 


A block  diagram  of  the  computer  program  under  development  is  provided. 
(See  Figure  7. ) This  program  has  reached  the  stage  in  development  that  enables 
it  to  generate  the  load,  shear,  moment  and  stress  table  for  axisymmetric  flight 
as  shown  in  the  block  in  the  center  of  sheet  2 of  Figure  7. 


7.1  Ob|ecti\es 

An  objective  of  writing  this  IBM  370/l">5  FORTRAN  H Program  has  been 
the  development  of  an  understanding  of  the  characteristics  of  pressure  hot  air- 
ships. An  additional  objective  is  to  provide  an  easy  base  for  custom-tailored 
pressure  hot  airship  designs. 

7.2  Program  Ho** 

The  input  design  information  includes  such  requirements  as  envelope  volume, 
elongation,  position  of  maximum  diameter,  range,  speed,  payload,  altitude, 
material  properties,  etc.  On  the  basis  of  these  inputs,  the  size  of  the  vehicle 
is  found.  A pass  along  the  shift  using  the  air  stream  path  (gore  position)  as  step 
points, is  made.  Computation  of  pattern  strike  up  marks,  and  heat  transfer 
information  is  made.  After  the  hydrodynamic  and  geometric  profile  of  the  shape 
has  been  calculated  and  stored,  the  boundary  layer  calculations  are  made.  Some 
of  the  activity  is  redundant  however,  the  step  points  are  now  longitudinal 
abscissae  rather  than  gore  positions.  Finally,  weight,  balance  and  stability  are 
determined. 


8.  < RE 

The  wo^k  which  enabled  preparation  of  t.iis  paper  is  yet  to  be  completed. 
However,  at  this  point,  conclusions  may  be  drawn  as  follows: 

(1)  A well  designed  pressure  hot  airship  may  be  expected  to  perform  useful 

missions  in  "standard"  atmospheric  conditions.  / 

(2)  The  gross  lift  and  dynamic  lift  of  a hot  airship  in  arctic  re  gions  is  greatly 
improved  over  standard  conditions. 

(3)  A pressure  hot  airs*iip  is  more  airworthy  in  storm  conditions  than  a 
gas  airship  due  to  absence  of  the  pressure  altitude  limitation  of  a gas  airship. 

(4)  A pressure  hot  airship  is  much  less  expensive  to  build,  inflate  and  store 
than  a similar  volume  gas  airship. 

(5)  A pressure  hot  airship  has  less  lift  but  more  maneuverability  for  a 
given  envelope  volume  and  airspeed  than  a gas  airship. 
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Figure  7.  Computer  Program  Block  Diagram  (Sheet  2 of  2) 


(6)  The  hot  airship  can  pick-up  or  unload  weight  while  hovering  without  the 
ballast  changes  necessary  in  a gas  airship. 

(7)  The  hot  airship  can  pick-up  or  unload  weight  while  hovering  without  the 
undesirable  side  effects  associated  with  rotor  downwash  of  a helicopter. 

(8)  The  need  to  burn  fuel  to  maintain  buoyancy  in  a hot  airship  causes  storage 
of  the  ship  during  idle  periods  to  be  attractive  rather  than  mooring  or  hangering. 
Storage  is  practical  because  reinflation  is  cheap  and  the  storage  space  required  is 
small. 

<9>  A hot  airship  cruising  entirely  on  propulsion  engine  thrust  and  exhaust 
heat  is  an  efficient  machine  deserving  further  study  in  our  present  energy  oriented 
environment. 

(10)  The  maximum  range  and  duration  of  a current  design  gas  airship  exceed 
those  of  a current  design  hot  airship  of  equal  volume. 

(1 1)  W hen  the  envelope  weight  of  a hot  airship  becomes  too  great  for  a ground 
crew  of  three  or  four  men  to  deploy  or  store  a useful  upper  limit  in  pressure  hot 
airship  size  has  probably  been  attained.  This  limit  may  be  4000  to  5000  cubic 
meters  of  volume. 

(12)  There  is  no  good  reason  to  construct  a rigid  airship  utilizing  hot  air 
alone  for  buoyancy.  The  virtue  of  rapid  and  easy,  low  cost  storage  found  in  a 
pressure  hot  airship  clearly  influences  selection  of  this  basic  design  over  that  of 
a rigid  structure. 

8.1  Future  Tasks 

The  technical  development  of  practical  hot  airships  will  be  speeded  as  certain 
subjects  receive  more  attention.  At  present,  these  subjects  appear  to  be: 

(1)  Burner  development  (lower  weight  and  noise  and  higher  combustion  and 
mixing  efficiencies  are  needed); 

(2)  Lower  heat  loss  envelope  designs; 

(3)  Less  expensive  joining  methods  for  fabric  structures;  and, 

(4)  Further  improvements  in  fabric  characteristics,  specifically  better 
resistance  to  high  temperatures  and  to  ultraviolet  radiation  degradation. 
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Appendix  B 

TW  C+tHicifttt  «{  Loc«|  Ski*  Fried** 


Following  H.  Schichtlng1,  this  coefficient  is 

c}8  - [.  logRe8  - . 6sJ  "2*  3 

for  turbulent  How.  (See  the  footnote  on  p.  602  of  his  book.  Boundary  Layer  Theorv. ) 

For  laminar  flow  (Re  > 50,  000). 

cfs  * ' 6M/  wa*  used« 

The  Friction  Drag  Integrand 

A°‘  ' cfa^2  p Vmeant^  * Rmeant^AS 


mean 


*nd  "mean  •«  «,  ^ . * 


2 " o 

„ «l  + XiM>  . 
Vt 2 • *o 
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The  Pressure  Drag  Integrand 

4D,  . - B f)  Plocal ; 

See  Figure  Bl. 


Reference 


1.  Schlichting  (1968)  Boundary  Layer  Theory.  6th  ed. , McGraw -Hill,  N.Y. 
Page  602,  footnote. 
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Appendix  C 

TIi*  Ceavectivn  Hnnt  Tmifai  Coefficient  for  Free 
•r  TWimI  Convection  on  the  Interior 


The  Grashof1  modulus  for  the  vehicle  should  be  found  using  the  local  envelope 
height  for  the  characteristic  length,  L. 


Gr  * 


T 

Skin  , 
"T ~ 


T * Kelvin  temperature  well  away  from  the  wall. 
v * kinematic  viscosity, 

g • acceleration  of  gravity. 

The  Prandtl  number  for  air  used  for  current  thermally  buoyant  vehicles  is 

.72. 

The  Nusselt  modulus  is  found  for  turbulent  flow  from  the  equation* 


Nu  = .0210  (Gr  Pr)'4 
and  from  the  equation 

Ru  * . 555  (Gr  Pr)'25 


o 

for  laminar  flow  (Gr  Pr  < 10  ) 
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The  convective  heat  transfer  coefficient  is  a factor  in  the  Nusselt  modulus. 


k = conductivity  of  boundary  layer  air. 

If  Gr  Pr  is  well  above  10*®,  the  McAdam's  relation 

h“  * . 13  k 
c 


.J72j 

*^8 kin 

V* 

00 

1/3 


may  prove  a simplification. 


R«fer«nce 


l.  Krelth,  F.  (1965)  Principles  of  Heat  Transfer.  International  Textbook  Co. 
Scranton,  Pa.  Page  31 3,  333  and  Figure  7-4,  page  335. 
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Appendix  D 

Hi*  Convective  Hoot  Transfer  Caafficianl  far  Forced 
Convection  on  the  Exterior  of  the  Airship 

VS 

The  local  Reynolds  number,  -jj—  = Res  may  be  used  to  find  the  local  Nusselt 
modulus  along  the  flow  path. 

Nu  = . 332  Vile  Pr1;  3 for  laminar  flow1  and 
s a 

Nu  = .0288  Pr1/  3 (Re  )' 8 for  turbulent  flow2 
a a 

The  critical  Rea  = 5 x 103  in  this  case. 

V = local  hydrodynamic  velocity 
S = path  length  from  r.ose  to  local  point 
v - kinematic  viscosity 
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